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PREFACE 
A significant number of chemical plants producing polymers have 
been built in recent years. The expansion of the existing polymer 
plants and the construction of new polymer plants are expected in the. 
future. Many of these polymer melts and solutions of these polymers 
exhibit non-Newtonian fluid behavior. Heat transfer data and pressure 
drop data for the 0 flow of non~Newtonian fluids across tube banks are 
needed for the development of more.economical.and reliable design pro-
cedures for heat exchange equipment. 
In order to develop heat transfer coefficient and friction factor 
correlations, heat transfer and pressure drop data for flow of non-
Newtonian solutions across three tube banks were obtained. The exper-
imental equipment, experimental procedures, and the results obtained 
from reduction and correlation of the data are discussed in this 
dissertation. 
I received aid from a number of individuals during the course of 
this project. Dr. Kenneth.J. Beil was very helpful in the formulation 
and execution of the research.program. Messrs. Gene E. McCroskey, 
Preston Wilson, and Arlin Harris gave many useful suggestions and much. 
aid in the construction of the experimental equipment. Mr. Donald 
Randolph gave suggestions and experimental assistance relative to the 
rheological behavior of the non-Newtonian fluid used. I also wish to 
thank Mr. Kohei Ishihara who assisted me in the construction of the 
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experimental apparatus and.in obtaining the experimental data. I wish 
to also express my gratitude to.my patient wife, Barbara, who typed 
this dissertation and gave me encouragement. 
I am indebted to the Federa~ Department of.Health, Education, and. 
Welfare, the National Science Foundation, Phillips Petroleum Company, 
and the National Aeronautics and Space Administration for financial 
assistance during the course o.f this .research project. The Office of 
Engineering Research of Oklahoma State University and Monsanto Company. 
provided funds for purchasing the experimental equipment. The sodium 
carboxymethylcellulose powder was provided by Hercules Powde.r Company 
through Drilling Specialties, Inc. of Bartlesville, Oklahoma. 
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The construction of new plants and expansion of existing plants 
producing polymers is expected in the future. Non-Newtonian fluid be-
havior is exhibited by many of the polymer melts and polymer solu-
tions. Shell and tube heat exchangers and pumping equipment constitute 
a significant portion of the investment for these chemical plants. 
Development of a reliable means of predicting non-Newtonian fluid 
shell side heat transfer coefficients and friction factors can de~ 
crease the investment and operating expense. for the chemical plants 
producing polymers. A step in the direction of more reliable shell 
side heat transfer coefficients and friction factors is the accurate 
deterniination of heat transfer coefficients and friction factors for 
flow across ideal tube banks. 
The variables affecting the shell side heat transfer coefficient 
and pressure drop may be divided into two groups, primary aµd second-
ary, as follows: 
I. Primary Variables 
1. Fluid flow rate and physical properties 
2. Tube layout configuration 
3. Transverse and longitudinal tube spac~ng 
4. Tube d~ameter 
5. Number of tube rows 
1 
6. Exchanger length 
II. Secondary Var.iables 
1. Baffle shape, size, and spacing 
2. Tube-to-shell clearance leakage 
3. Tube-to-baffle clearance leakage 
4. Baffle-to-shell clearance leakage 
This research project has involved an investigation of the effect of 
the first two primary variables. 
The following goals were set for.this project: 
1. Construct and operate experimental equipment to obtain heat 
transfer coefficients and friction factor data for flow of 
non-Newtonian fluids across three tube banks. 
2 
2. Obtain rheological data for the non-Newtonian fluids used in 
the experimental runs. 
3. Using the above data, develop heat transfer coefficient and. 
friction factor correlations as a function of the tube bank 
geomet.ry, ·fluid physical and rheological properties, and 
fluid flow rate. 
CHAPTER II 
FLUID BEHAVIOR CLASSIFICATION 
Newtonian Fluids 
The flow behavior of a Newtonian fluid obeys the following 
equation: 
µ du 
• = gc dy (2-1) 
The proportionality constant,µ, is known as the viscosity and is de-
pendent upon the temperature, pressure, and the fluid under consider-
ation. The velocity gradient, du/dy, is called the shear rate; and T 
is called the shear stress. The viscosity of a Newtonian fluid is not 
a function of the shear rate. The shear stress-shear rate behavior of 
a Newtonian fluid is presented in Figure 1. 
Non-Newtonian Fluids 
A non-Newtonian fluid is a fluid whose flow behavior does not 
obey Equation 1. There are three broad classes of non-Newtonian fluids 









· du, Shear Rate 
dy, 
Shear Diagram fqr Time-Independent Fluids 
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Time-Independent ~Newtonian Fluids 
The shear stress for these fluids does not depend upon the dura-
tion of the shear. These fluids are usually divided into the follow-
ing three groups: 
1. Bingham plastic fluids 
2. Pseudoplastic fluids (shear-thinning) 
3. Dilatant fluids (shear-thickening) 
The shear curve for each of these three types of time-independent non-
Newtonian fluids is illustrated in Figure 1. 
Bingham Plastic. The Bingham plastic fluid has a linear shear 
curve; however, an initial shear stress must be exerted on the fluid 
to make it flow (see Figure 1). This type of fluid behavior is charac-
terized by the following equation (31): 
(2-2) 
Some fluids exhibiting this behavior are drilling muds, chalk suspen-
sions, toothpaste, and slurries (31). 
Pseudoplastic. The shear stress-shear rate curve for this type 
of fluid passes through the origin, and its slope decreases with in-
creasing shear rate (see Figure 1). One of the most common behavior 
models for pseudoplastic fluids is the power law model or Ostwald-de 
Waele model (31), 
(2-3) 
The constant, n, is an indication of the amount of deviation from 
Newtonian behavior; and K is a measure of the consistency of the fluid. 
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The constant, n, equals 1.0 for a Newtonian fluid and is less than 1.0 
for a pseudoplastic fluid. Some fluids having pseudoplastic behavior 
are napalm, mayonnaise, and drilling muds (31). 
Dilatant Fluid. The shear stress-shear rate curve for this fluid 
passes through the origin, and its slope increases with increasing 
shear rate (see Figure 1). Equation 3 is often used to represent the 
flow behavior of this type of fluid-·; however, the constant, n, is 
greater than l .'O for the dilatant fluid. Some polymer solutions, 
quicksand, and starch suspensions exhibit this type of flow behavior 
(31). 
Time-Dependent ~-Newtonian Fluids 
The apparent viscosity, the ratio of shear stress to shear rate, 
for time-dependent non-Newtonian fluids. depends upon the length of 
time that the shear has been applied. These fluids are divided into 
two groups, thixotropic and rheopectic. The thixotropic fluid appar~. 
ent viscosity decreases with the time of shear, whereas the rheopectic 
fluid apparent viscosity increases with the time of shear (31). 
Viscoelastic Fluids 
These fluids exhibit both viscous and elastic properties (31). 
The energy applied to such a fluid is stored as potential energy in 
addition to being dissipated as heat by the viscous forces. Equations 
to describe the behavior of such a fluid should be a combination of 
Newton's viscosity law for fluids and Hooke's law for elastic 
materials (31). 
It is quite possible that a particular fluid will not fall into a 
7 
particular classification for all shear rates and durations of shear. 
The shear stress-shear rate curve of a fluid may become linear at high 
shear rates, or the behavior may be time-dependent for a short period. 
of time after application of shear and become time-independent af te.r 
the s.hear has been applied fc;,r a significant length of time. 
More detailed discussions of fluid.behavior classification, rea-
sons for types of fluid behavior, and models proposed to describe the 




No significant heat transfer or pressure drop results for flow of 
non-Newtonian fluids across tube banks have been published. This chap-
ter will be mostly devoted to the discussion of publications giving 
results for the following areas of research: 
1. Pressure drop and heat transfer for the flow of Newtonian 
fluids across ideal tube banks. 
2o Pressure drop and heat transfer for non-Newtonian fluids 
flowing inside pipes or tubes. 
Publications in these areas of research have provided background mate-
rial for the development of heat transfer and pressure drop correla-
tions for the flow of non-Newtonian fluids across tube banks. Several 
publications containing theoretical developments will be discussed in 
Chapter IV devoted to theoretical considerations. 
Newtonian Fluid Flow Across Ideal Tube Banks 
In 1933, Chilton and Genereaux (9) attempted to put the meager 
pressure drop data available at that time covering a few tube spacing 
arrangements on a basis applicable to design. They proposed the fol-
lowing friction factor correlations: 
2 p gc /J.P 
f = ----- = 4 G 2 N m 




2 pg AP D G -0.2 
f = c = O. 57 ( c m) (turbulent flow-staggered) (3-2) 
4 G 2 N µ 
m 
2 p gc AP Dv 
f = = 
4 G 2 L 
m 
D G -1.00 
13.2 ( c m) (laminar flow-staggered)(3-3) 
µ 
No correlation was presented for laminar flow with in-line tube ar-
rangements due to the absence of necessary data. The properties are 
evaluated at film temperatures given by 
tf = tAV - 0.32 AT (laminar flow) 
(3-4) 
tf = tAV (turbulent flow) 
where 
tAV = average bulk temperature 
AT• logarithmic mean temperature difference between the stream 
and the tube wall 
Pierson (24) obtained convection heat transfer and pressure drop 
data for the flow of gases across banks.of electrically heated tubes. 
Thirty-eight tube arrangements, including both in-line and staggered. 
tube layouts, were investigated to determine the effect of varying the 
spacing of tubes of the same size. The heat transfer and pressure 
drop results are presented in plots of Nusselt number and friction fac-
tor versus Reynolds number where 
Nu= ho Do (3-5) 
k 
2 gc p AP 
f = 4 N G 2 (3-6) m 
Re 
Do Gm 
(3-7) = µ 
10 
The Reynolds number range was from 2,000 to 40,000. It was concluded 
that. the spacing of t~bes has a significant effect on heat transfer 
and pressure drop. 
Huge (17) presented experimentai results to determine the effect 
of tube size on the heat transfer coefficient and pressure drop for 
both in-line and staggered tube arrangements. Condensing steam and 
water passed through the tubes; air flowed across the tubes. The 
Nusselt number was found to be proportional to the 0.61 power of the 
Reynolds number. The Reynolds number range was from 2,000 to 70,000. 
The results are presented in plots of Nusselt number and friction fac-
tor versus Reynolds number as defined in Equations 3--·1, 3-2, and 3-3. 
The results are consistent with results obtained by Pierson (24) .con-
firming the vai'idity of the principle of similarity relative to the 
tube diamete'r for tube banks. 
Grimison (14) carried out an analytical study of the results re-
ported by Huge (17) and Pierson (24) to develop heat transfer coeffi-
cient and friction factor correlations suitable for commercial use. 
Grimison (14) presents graphical correlations of friction factor as a. 
function of Reynolds number, ratio of transverse tube spacing to the 
tube diameter. and the ratio of longitudinal tube spacing to.the tube 
diameter. The heat transfer coefficient correlation obtained is 
(3-4) 
where Fa is an arrangement factor depending upon the tube arrangement, 
tube spacings, and the Reynolds number •. 
Gunter and Shaw (15) made an analytical study of friction factor 
results, both isothermal and non-isothermal presented by Huge (17), 
11 
Pierson (24), and others. The purpose of this study was to develop a 
single correlation for design purposes applicable to all tube layout 
configurations and spacings. These authors propose the use of vol-
umetric hydraulic diameter, Dv, instead of the tube diameter, D0 .- The 
following correlations are proposed for the laminar and turbulent flow 
regions, respectively: 
(3-5) 
The transition from laminar to turbulent flow occurs at a Reynolds 
number of about 200. The range·of variables covered by the data used 
in this study were: 
Do 0.02 to 2 inches-
Re 0.01 to 300,000 
µ/µw 0.015 to 8 
ST/Dv 1.25 to 5 
SL/Dv 1.25 to 5 
In 1948, Boucher and Lapple ( 8 ) published an excellent critical 
comparison of the data and proposed correlations for pressure drop.of 
Newtonian fluids flowing across tube banks. They pointed out.that the 
difference between the various proposed correlations was in the defi-
nition of the characteristic tube bank dimensions and in the methods 
of allowing for variations in the tube spacing and tube layout config-
uration. Only pressure drop data that were essentially isothermal 
.. 
12 
were considered. The authors recommended the correlations presented. 
by Grimison (14) and Chilton-Genereaux ( 9) for turbulent and laminar 
flow, respectively. Boucher and Lapple ( 8 ) were somewhat critical of 
the correlation proposed.by Gunter and Shaw (15); and they point.out 
that no equivalent diameter should.be expected to.correlate data from. 
geometrically different tube banks .. onto a single curve, because hydro-
dynamic similarity requires geometrical.similarity •. 
A research program to develop design methods for the shell side 
of shell and tube heat exchangers was initiated at the University of 
Delaware in 1946. The first phase of the program involved a study of 
ideal tube bank heat transfer and pressure drop characteristics fol-
lowed by a study of non-ideal flow conditions such as bypassing and 
non-uniform tube layout configuration. The second.phase of .the pro-:-. 
gram was concerned with baffled exchangers •.. Numerous. theses, .. disser-:-. 
tations, and publications have resulted.from the University of Delaware. 
project. Four of these. publications most .. pertinent to the subject of 
this dissertation will be discussed. 
Bergelin, Davis, and Hull ( 6 ) obtained. heat transfer data, iso-
thermal pressure drop data, and non-:-isothermal pressure drop.data. to 
compare three tube layout arrangements (staggered square, in-:-line 
.. 
square, and equilateral triangle. The tube diameter for each tube 
bank was 3/8 inch, and the pitch-to-diameter ratio was 1. 25. Water 
flowed through the tubes, while a.viscous oil flowed across the .tubes. 
The results are reported as j-:-factors and friction factors versus 
Reynolds number where 




The Reynolds numbers corresponded to the laminar and early transiti.on 
flow regimes. The effectiveness was represented by plotting heat 
transfer coefficient versus the power loss per unit heat transfer.area. 
The staggered square and equilateral triangle arrangements are approx-
. imately equal in effectiveness, .whereas the in-line sq~are arrangement 
has a lower degree of effectiven~ss for laminar flow. The performance 
of the in-line arrangement approaches that of the staggereq arrange-
ments in the transition and early turbulent flow regions. Transition 
was observed to begin at a Reynolds number.of about 100. 
Bergelin, Brown, Hull, and.Sullivan (4) extended the work of 
Bergelin, Davis, and Hull (6) to four additional tube banks to study 
the effect of tube size and tube spacing.on performance. The results 
are presented in plots of friction.factor.and.j-factor versus the 
Reynolds number based on.the equivalent.hydraulic diameter. The fric-
tion factor used in these plots is 
-0.25 
f -- 2 AP p Sc (-µ ) 0. 57 Re ------ (3-10) 
4 Gm 2 N µw 
where the viscosity correction exponent is for 1 <Re< 300. The - . -r 
frictio~ factor results for the in-line tube banks were in good agree-. 
ment with the correlation proposed.by Gunter and Shaw (15); however, 
the staggered square tube bank friction factors were consistently 
above the Gunter and Shaw curve. The large tube pressure drop and 
14 
heat transfer results agreed well with the small tube diameter.results 
for both in-line and . staggered~square tube arrangements. . The tube 
banks having the smallest.tube.diameter and the smallest pitch gave 
the best performance. 
Bergelin, Brown, and Doberstein (3) extended the University of 
Delaware (2,4, 5_, 6) work with.ideal tube banks to the transition .. zone. 
Results for heating, cooling, and isothermal tests covering a .. Reynolds 
number range of 25 to 10,000 .. were.presented. Five.ideal tube banks 
with 3/8-inch diameter tubes. were used. __ The.results. were presented in. 
plots of j factor and friction factor versus the Reynolds number based 




Re= ----- (3-13) µ 
The transition zone Reynolds numbers ranged from 200 to 5,000 depend-
ing upon the tube bank model under consideration. The transition from 
laminar to turbulent flow was smooth for staggered tube arrangements; 
however, the transition for in-line tube arrangements produced a dis-
continuity in both the j-factor and.friction factor curves similar to. 
the behavior existing for flow inside pipes •. This.difference in. tran-
sition behavior was attributed to a difference in the mechanisms of 
turbulence formation. The performances of the.staggered tube arrange-
ments based on the heat transfer coefficient for a given power loss 
were superior to the performances of the in-line arrangements in the 
15 
transition zone; however, the superiority decreased as the turbulence 
increased. 
Bergelin, Colburn, and Hull (5) developed a laminar flow region 
friction factor correlation from the isothermal pressure drop data for 
seven tube banks. 
(3-14) 
The correlation given in Equation 3-14 was proposed for Reynolds num-
bers below 50. Above a Reynolds number of 50, the friction factor-
Reynolds number data give four separate curves. 
Non-Newtonian Fluid Pressure Drop 
and Heat Transfer 
Metzner and Reed (21) have presented a generalized Reynolds num-
her to be applied to non-Newtonian fluids.. The Metzner and Reed (21) 
Reynolds number development was based on the following shear rate ex-
pression derived by Rabinowitsch (25) in 1929 and by Mooney (23) in 
1931 for laminar flow in a tube: 
(du) ... 3 (...&..) + .!LAf_ d (8Q/1r n3) 
dy w 1r n3 4L d (D 6P/4L) 
(3-15) 
Equation 3:-15 applies only to time-independent fluids and is independ-:-
·I. 
ent of fluid properties. Metzner and Reed (21) substituted v = 4Q/1r D2 
and rearranged Equation 3-15 to obtain 
(3-16) 
Metzner and Reed (21) then made the following substitution: 
16 
1 -= n' 
d R.n (8v/D) 
d R.n (D !J.P/41) 
(.3-17) 
where n' may be found from the slope of a plot of R.n (8v/D) against 
R.n (D !J.P/41)-. Substitution of Equation 3-17 into Equation 3-16 and re-
arrangement gave 
(du) = 3n' + 1 (av) 
dy w 4n' D 
(3-18) 
Equation 3-18 is applicable to all time-independent fluids and requires 
no slip at the tube wall and negligible viscoelastic effectso Inte-
gration of Equation 3-18 for constant n' gave 
D !J.P -= 
41 
(3-19) 
The constants K' and n' have been found to be constant over a wide 
range of the quantity 8v/D (21). Substitution of the result of Equa-
tion 3-19 into the following friction factor equation: 
yielded 
where 
f = (Y) 
(~) 
2 Sc 
f = 16 y 
nn' v2-n 1 P 
(3 ... 20) 
(3-21) 
(3-22) 
Letting f = 16/Re gave the following generalized Reynolds number: 
n' 2-n' 
Re:!::D v p (3-23) 
y 
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Metzner and Reed (21) found that the Reynolds number defined in Equa-,. 
tion 3-23 was quite satisfactory for correlating the friction factor 
in the laminar, transition, and turbulent flow regions. 
Metzner, Vaughn, and Houghton (22) presented theoretical analyses 
combined with an experimental study of the variables determining the 
heat transfer coefficient for laminar flow of non-Newtonian fluids in 
pipes. The theoretical analyses involved astudy of limiting cases 
such as "infinite pseudoplasticity" (n' = O) and "infinite dilatancy" .. 
(n' = 00). Theoretical equations were developed for the limiting cases; 
and methods of interpolation were developed to extend the derived 
equations to cases of intermediate degrees of non-Newtonian behavior .•. 
The experimental data were obtained for the following three non-
Newtonian fluids: (1) lo75 percent solution of Carbopol in water, (2) 
3.72 percent solution·of sodium carboxymethylcellulose (CMC) in water, 
and (3) 1.40 percent CMC solution. The value of n' for these solu-,. 
tions ranged from 0.18 to 0.70. For correlations of the heat transfer. 
data, the following generalized dimensionless groups were developed: 
C y n'-1 
Prandtl Number • Pr ""T (~) 
hD Nusselt Number= Nu= k 61 73 
Stanton Number =St= ~-h.a;...--=-----







The heat transfer results are presented in plots of j factor versus 
the Reed-Metzner Reynolds number where 
6 1/3 = 
,h 
j = ----.,,......-c G Al/ 3 
p 
2-n' v p n' Do 
Re=------
y 
Non-Newtonian Fluid Nusselt Number 





The quantity A represents the ratio of the wall shear rate for non-
Newtonian flow to the wall shear rate for Newtonian flow. The follow-
ing equation was also presented to correlate the heat transfer data: 
hD W C l / 3 ( y ) 0 • 14 
------- = 1. 7 5 (..::....:E.) -k Al/3 kL Yw 
(3-31) 
Heat capacities, thermal conductivities, and densities of the solu~ 
tions were determined. The heat capacities and densities of the solu-
tions were found to be essentially equal to the heat capacity and den-
sity of water. The measured thermal conductivities were as.much as 25 
percent below the thermal conductivity of water. 
Christiansen and Craig (10) used a temperature dependent equation 
to represent the rheological.properties.of pseudoplastic fluids •.. The 
temperature-dependent rheological equation was used to obtain numerical 
solutions to the energy flow.equation for laminar flow in a pipe having 
cotistant wall temperature. Experimental h,eat transfer coefficients. 
were obtained and compared with the predicted computed coefficients. 
Good agreement between the experimental and computed heat transfer co-
efficients was observed. 
Shah, Peterson, and Acrivos (27) obta.ined analytical solutions 
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and experimental data for heat transfer from a single cylinder.to a 
power law non-Newtonian fluid. The purpose of the work was to deter-
mine the feasibility of application of rheological equations of state 
derived from viscometer data.to predict the fluid behavior in laminar 
boundary-layer flows. The predicted Nusselt numbers were in good 
agreement with the experimentally determined Nusselt numbers for solu-
tions of sodium carboxymethylcellulose (CMC) in water. The CMC solu-
tions were tested for viscoelastic effects; no viscoelastic effects 
were observed. 
Cruzan (12) obtained isothermal pressure drop data for flow of 1 
percent aqueous sQiutions of sodium carboxymethylcellulose (CMC) across 
two tube banks having four tube rows and eight tube rows, respectively. 
The tube layout configuration was a. staggered square with a pitch 
ratio of 1.5 for both tube banks. The experimental runs covered a 
modified Reed-Metzner Reynolds number range of 14 to 272 where 
(3-32) 
The results were presented in plots of friction factor versus Reynolds 
number where 
2 f).p 8c P 
f = -----
4 G 2 N m 
(3-33) 
The non-Newtonian fluid friction factors determined by Cruzan (12) 
were in fair agreement with Newtonian fluid friction factors reported 
by others for the same Reynolds number.range. Cruzan (12) also pre-
sented equations for obtaining the.non-Newtonian fluid rheological 
constants, K' and n', from rotational viscometer raw data. 
Pressure Dt'op 
CHAPTER IV 
THEORETICAL CONSIDERATIONS AND DEVELOPMENT 
OF CORRELATION PARAMETERS 
Theoretical Considerations 
The development of theoretical methods of predicting pressure 
drop for flow in conduits or around objects involves simultaneous s.olu-
tion of the Navier-Stokes equations and the continuity equation. Ana-
lytical solutions have been developed for a number of flow situations 
such as isothermal laminar flow. in smooth tubes. Three theoretical. 
methods having limited applicability have been developed to predict 
the pressure drop for isothermal, steady, incompressible,.laminar.flow 
of Newtonian fluids across tube bankso The methods are. limited to 
St,okes or "creeping flow" where. the inertial effects are negligible 
compared to the viscous effects. Elimination. of the terms allowing 
for inertial effects in the Navier-Stokes equations yields 
v2 P = o (4-1) 
after some manipulation. Equation 4-1 is applicable up to a Reynolds 
number on the order of 1 to 10; however, the·tube bank boundary con-
ditions for P, the pressure, are not known .•. 
Tamada and Fujikawa (29) have solved· bseen's linearized equations 
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of motion for the steady, isothermal, incompressible, laminar flow of 
a Newtonian fluid past an infinite row of equal, regularly spaced, 
circular cylinders lying in a planeperpendicular to the uniform 
stream. The solution leads to the following observations: 
1. At a fixed velocity, the drag on a cylinder in the infinite 
row is greater than the drag on the same cylinder when alone 
in a uniform flow. 
2. As the Reynolds number decreases, the drag on the cylinder in 
the infinite row deviates more from the drag for a single 
cylinder. 
3. The drag is proportional to the velocity at low Reynolds 
numbers. 
The solution is limited.to a singlerow of cylinders because it does 
not allow for the interaction between transverse rows. 
Happel (16) used an "equivalent free surface" model to solve the 
Navier-Stokes equations for steady incompressible creeping flow past 
arrays of cylinders. The assumption of creeping flow and use of the 
stream function defined by 
vr = l H r ae 
v = - li e ar 
(4-2) 
(4-3) 
reduced the Navier-Stokes equations for laminar flow to the biharmonic 
equation 
v4 tJ, = o (4-4) 
Assumption of a cylinder surrounded by a unit cell of fluid permits 
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the establishment of boundary conditions for solution of Equation 4-4. 
The solutioJi of Equation 4-4gave values of the Darcy constant, K*, to 
be used in the Darcy pressure drop equation, 
U = _ K* dP 
µ dx 
(4-5) 
The proposed model required a uniform flow.pattern around the tubes; 
therefore, the solution is most applicable to equilateral triangle ar-
rangements. The predicted pressure drops are in good agreement with 
the pressure drops reported by Bergelin, Brown, Hull, and Sullivan 
(4) for Re~ 5. Substantial deviations between the predicted and re-
ported pressure drops did not occur until Reynolds numbers over 100 
were reachedo Differences between the predicted and reported pressure 
drops were significant for tube arrangements other than equilateral 
triangle, particularly for the staggered square tube arrangement. 
Freidl and Bell (13) u·sed an electrical analog technique to de-
velop analytical solutions for the pressure drop during steady, incom~ 
pressible, creeping flow across a tube bank. The basic assumption 
was that the isobars for creeping flow are collinear with the iso-
potential lines for potential flow in.the same geometry. The iso-
potential lines were found by laying out the tube bank array on con-
.• 
ducting paper and applying a voltage.difference. The isopotential 
field was divided into an arbitrary number of flow elements bounded .by. 
solid surfaces and two arbitrarily spaced isopotential lines. The 
pressure drop for each flow element was computed using the solution 
developed by Graetz for laminar flow through rectangular conduits. 
The total pressure drop was then found by in.tegrating the pressure 
gradients for the flow elements along a streamline through the entire 
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tube bank. Three tube arrays (in-line square, staggered square, and 
equilateral triangle) were investigated. Friction factors calculated 
using the proposed method were compared with the friction factors.re-
ported by Bergelin, Colburn, and Hull ( 5). The ~alculated friction 
factors were 2 to 14 percent less than the reported experimental fric-
tion factors. 
~ Transfer 
The development of theoretical methods.to predict heat transfer 
coefficients involves simultaneous solution of (1) the Fourier-Poisson 
differential equation for heat conduction.in a moving fluid, (2) the 
Navier-Stokes hydrodynamic equations, and (3) the continuity equation. 
The above equations are so complex that theoretical.solutions have 
been limited to simple geometries and have required simplifying as-
sumptions such as unidirectional flow.,.potential. flow, constant vis~ 
cosity, or negligible inertial effects •. The flow of both Newtonian 
and non-Newtonian fluids across tube banks is a. flow situation much 
too complex for development of theoretical solutions predicting heat 
transfer coefficients. The complexity of the tube bank flow situation 
greatly increases in going from Newtonian fluids to non-Newtonian flu-
ids. The continuous expansion and contraction of the cross-sectional 
flow area produce varying shear rates which. cause the non~Newtonian 
fluid "viscosity" to change with position in the tube bank. The work 
by Shah, Petersen, and Acrivos (27) for heat transfer from a single 
cylinder to a power law non-Newtonian fluid represents the most.sig-
nificant theoretical contribution toward developing theoretical meth-
ods of predicting heat transfer coefficients for flow of non-Newtonian 
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fluids across tube bankso The single cylinder results are not appli-
cable to tube banks of practical interest due to the interaction be-
tween tubes. The Nusselt number equation development by Shah, Peter-
sen, and Acrivos (27) was quite complex even though the single cylin-
der represented a relatively simple geometry. 
As a result of the analytical solution difficulties, it is nee-
essary to resort to empirical methods to develop satisfactory heat 
transfer coefficient and pressure drop relationships for flow of non-
Newtonian fluids across tube bankso 
Development of Correlation Parameters 
The development of empirical relationships for heat transfer co-
efficients and pressure drop involves establishment of dimensionless 
groups based on the principle of hydrodynamic similarity. The con-
dition of hydrodynamic similarity is .. not met by different tube lay-
outs; however, groups based on.the principle of similarity have been 
used with significant success (2, 3, 4, 5, 6) when hydrodynamic simi-
larity does exist~ 
Comparison of the. dimensionless groups proposed by Metzner, 
Vaughn, and Houghton (22) and the groups developed from the University 
of Delaware work (2) yields dimensionless groups for application to 
non-Newtonian fluid flow across tube banks. 
Metzner, Vaughn, and Houghton (22) have used the following dimen-
sionless groups to correlate heat transfer data for the flow of non-
Newtonian fluids inside tubes: 
n' 2-n' 
Reynolds Number= Re= ~D~---V~~-P-
y 
(4-6) 
= en y (v)n'-1 Prandtl Number = Pr ....1:.-
k D 
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Stanton Number = St = ----
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The dimensionless groups resulting from the University of Delaware 
work for flow of Newtonian fluids across tube banks are ( 2 ) : 
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Comparison of the Reynolds numbers defined in Equations 4-6 and 
4-12 yields the following modified Reynolds number for non-Newtonian 
flow across tube banks: 
p 
n' 2-n' 
Do Vm Re=.......,_____ _ 
y 
Using a procedure similar to that used by Metzner, Vaughn, and 
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(4-18) 
Houghton (22), one can derive a Prandtl number for application to non-
Newtonian flow across a tube bank. 
V n'-1 
µ = y (-.!!) 
A D0 
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The friction factor and j-factor based on the derived dimensionless 
groups for flow of non-Newtonian fluids across tube banks are: 
(4-24) 
j = (4-25) 
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The proposed Reynolds number, j-factor, and friction factor given in 
Equations 4-18, 4-24, and 4-25 for non-Newtonian fluid flow across 
tube banks will reduce to the Reynolds number, j-factor, and friction 
factor commonly used for Newtonian fluid flow across tube banks when 
n' = 1.0. 
CHAPTER V 
EXPERIMENTAL APPARATUS 
The sodium carboxymethylcellulose (CMC) solution was pumped from 
a holding barrel into a 1 1/2 inch schedule 40 pipe where it flowed, 
through mixing orifices.and.a mixing.block,.then through the tube 
bank, more mixing orifices, another mixing block, an orifice plate, 
and back into the holding barrel •. The water which flowed inside the 
tubes of the tube bank was .pumped from the water storage tank.into a 
11/2 inch schedule 40.pipe where it flowed through an orifice plate, 
the tube bank, and back into.the storage tank. The holding barrel and 
water storage tank.were equipped with.coils for heating and cooling 
the CMC solution and the water. A.flow. diagram and a diagram of the 
test section are presented in Figures 2 and 3. Photographs of the 
test section are presented in Figures 4 and 5. 
Tube Banks · · 
Three tube banks having .different .. tube layout arrangements (stag:-
gered square, in-line square, and.equilateral triangle) were used. 
Drawings and photographs of.the tube.banks are presented in Figures 6 
through 11. The tube bank dimensions and constants are presented in 
Table I. 
Each tube bank model was designed.to represent the center of a 
·, 
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Figure 9. Tube Bank Model Number 1 Photograph 
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TUBE BANK DIMENSIONS AND CONSTANTS 
Model Model Model 
Number 1 Number 2 Number 3 
Tube Layout Equilateral In-Line Staggered 
Triangle Square Square 
Outside Tube Diameter, 
In. 0.375 0.375 0.375 
Minimum Tube Clearance, 
In. 0.094 0.094 0.094 
Tube Length, In. 6.0 6.0 6.0 
Exposed Tubes 67.25 60 63 
Volumetric Hydraulic 
Diameter, Ft. 0.0233 0.0309 0.0309 
Minimum Outside Flow 
Area, Sq. Ft. 0.0254 0.0234 0.0352 
Number of Tube Rows 10 10 14 
Number of Contractions .10 10 13 
Heat Transfer Area, Ao, 
Sq. Ft. 3.33 2.94 3.09 
Pitch Ratio 1.25 1.25 1.25 
Inside Tube Diameter, In. 0.277 0.277 0.277 
Inside Flow Area, Sq. Ft. 0.0293 0.0293 0.0293 
Tube Wall Thickness, In. 0.049 0.049 0.049 
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consisted of a rectangular shell of 3/4 inch steel containing seventy_ 
3/8-inch O.D., 18-BWG copper tubes with six inches of exposed length. 
The copper tubes were rolled into two fixed forged steel tube sheets. 
The tube sheets and walls of the shell were lined with 1/2-inch sheets 
of laminated phenolite plastic (Phenolite) to reduce heat losses. The 
tubes nearest the wall were half embedded in the Phenolite to minimize 
wall effects. The tubes along one wall of Model No. 1 would not be 
embedded in the plastic due to previous modifications (see Figure 8). 
Due to the embedding of the.tubes along the wall, the effective number 









The tube banks were installed in a manner to allow the water to 
pass upward through the tubes while CMC solution passed horizontally 
across the tube bank. 
Each tube bank had 3/16-inch pressure taps located in the side of 
the shell halfway between the top. and the bottom. The first pressure 
tap was 3/4 inch in front of the leading edge of the first tube row, 
while the second tap was 3/4 inch behind the trailing edge of the last 
tube row. 
Tube Bank Headers 
The headers were constructed of 3/16-inch type 304 stainless 
steel. · One set of headers fits all three tube banks investigated. 
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Drawings of the headers are presented in Figures 12 and 13. The head-
ers for the shell side had 1/4-inch taps on the top and bottom. The 
top taps were to allo'll1 air to escape from the system; whereas, the 
bottom taps were for draining the test section. 'The tube bank headers ... 
and the tube bank were covered with an.approximately 1/2-inch thick 
layer of Super Stik-Tite Insulating Cement made by Refractory and In-
sulation Corporation. 
Carboxymethylcellulose Solution Flow Equipment 
A Moyno 116, type CDQ, positive displacement pump was used to 
pump the solutions. The pump was driven by a 3~horsepower electric 
motor with a variable speed drive.to .. control the flow.rate •. 
The solution holding barrel was a SS-gallon barrel containing 250 
feet of coiled, 1/2-inch O.D. , .. 14~BWG. copper tubing for heating and 
cooling the solutions.. Originally., the copper coil was connected to a 
cooling water supply and a.steam supply. After the runs with the 
first tube bank model, the steam line was replaced with a hot water 
line. The steam line was replaced because the steam caused too much 
permanent decrease in the consistency of the CMC. solutions. The hot 
water tank was a 9.9-gallon cylindrical steel tank containing 50 feet 
of coiled 1/2-inch O.D., 14~BWG copper coil connected to the.steam 
supply line. The hot water lines to the CMC solution holding barrel 
were of 3/4-inch schedule 40 pipe covered with a 3/4-inch thick layer 
of cloth-covered fiberglass insulation. The hot water was circulated 
by a Gould Model 11 Centrifugal Pump with a 1/4-horsepower Emerson 
Electric Motor. 
Quick-closing 1 1/2 inch gate valves were used to divert the CMC 
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solution from the holding barrel return line to the flow rate determi-
nation tank. The CMC solution flow.rate determination tank was a 9.9-
gallon cylindrical steel tank with a side outlet of flexible 1/2-inch 
I.D. polyvinyl chloride (Tygon).tubing to return the CMC solution to 
the solution holding barrel by.means of gravity.flow. A vertical rod 
was attached to one wall of the flow rate tank to indicate the amount 
of CMC solution collected. 
The CMC flow rate was monitored using.orifice plate with a 23/32""'.' 
inch diameter orifice. The orifice plate was of 1/8-inch thick brass 
and was held in place by a 1 1/2 inch pipe union. 
Water System Flow Equipment 
The water system is shown in Figure 2. The.water for flow through. 
the tubes of the tube bank was stored in a steel tank 30 inches deep, 
30 inches wide, and 60 inches long. The water storage tank contained 
a heating and cooling coil, 25.feet long of 11/2 inch, 18-BWG copper 
tubing. The coil was connected to steam and cooling water supply 
lines. 
The water flow rate determination tank. had the same dimensions as 
the water storage tank; however, it was not equipped with a heating 
and cooling coil. 
Three-inch schedule 40 piping led from both water tanks to the 
water system circulation pump. The.water was circulated by a Gould 
Model 3655 centrifugal pump with a 5-horsepower Westinghouse Electric 
Motor. 
A 7/8-inch diameter sharp-edged orifice of 1/8-inch thick brass 
was used to monitor the water flow rate to the tubes. The orifice was 
45 
held in place by a 11/2 inch pipe union. 
Temperature Measurement Apparatus 
In order to achieve uniform CMC solution temperatures for temper-
ature measurements, mixing orifices and mixing blocks were installed 
upstream from the CMC solution thermocouples. It was decided that the 
mixing orifices alone did not provide sufficient mi_xing; therefore, 
the mixing blocks were installed downstream from the mixing orifices. 
The mixing blocks were used for the last eleven runs with Mo.del No. 2 
and. for all of the runs with Model No. 1. 
The mixing orifices, presented in Figure 14, were made from 1/8-
inch thick brass and were held in place by 11/2 inch pipe unions. 
The sharp-edged pi,ece of the pipe unions was machined to a flat sur-
.face to prevent leakage. 
The brass mixing blocks are shown in Figures 15 and 16. A heat-
conducting ceramic cement made by Sauereisen was .used to cement the 
thermocouples into the mixing.blocks. 
Chromel-constantan 20-gauge wire covered with polyvinyl chloride 
was used for both the single.and the diffe:rep.tial thermocouples. The 
chromel-constantan combination was chosen for its high voltage output 
per degree of temperature. The thermocouple junctions were insulated 
with Sau.ereisen ceramic cement. Two complete sets of differential 
thermocouples and single thermocouples were used during the experi-
mental work. The first.set of thermocouples was replaced after the 
runs with Model No. 3. 
The differential thermocouples consisted of five junctions on 
each side of the tube bank to measure the temperature change of each 
DISC OF -f THICK BRASS - HELD IN PLACE BY 1-f Pl PE UNIONS f-,, 
-,--, 




I • 2 f ~1---- .I" 











Figure 14. Drawing of Mixing Orifices 
.f!', 
0\ 
19 FLOW CHANNELS 




I I II I 
..i'' 11 I I I 
2 2 11 I I I 
· 11 I I I 
11 I I I 
'L-1:-.:1l 
T, ,f I i1 I 
2 1 I I 11 I 
I I 111 I 
I I 111 I 
I I II : I 
I I I 
I I U I I I 11 I · 
I I I I I 
!FLOW 
BRASS 
I I 111 I 
I I 111 I 
I I 11, I ,/"""'THERMOCOUPLE 141~1 /'. SLOT 
I I 111 I 
I 
--1.57 11 ~ 
Figure 15. Mixing Block Drawing 
47 




steam flowing across the tube bank. The differential thermocouples 
were calibrated using two constant temperature baths and precision 
thermometers with 0.02°F subdivisions. The first differential thermo-
couple set was calibrated before the runs with Model No. 3. The sec-
ond set was calibrated before the runs with Model No. 2 and was recal-
ibrated before the runs with Model No. 1. The recalibration showed 
little change in the thermocouple properties. The differential thermo-
couple calibrations were carried out at temperature levels comparable 
to the temperatures existing during the experimental runs. 
The single thermocouples were used to measure the inlet and out-
let water and solution temperatures. The single thermocouple refer-
ence junction was ice prepared from distilled water. A constant tem-
perature bath and precision thermometers with 0.02°F subdivision were 
used to calibrate the single thermocouples. 
The single and differential thermocouples were connected to se-
lector switches by means of terminal strips. 
Two Leeds and Northrup Model 8686 Millivolt_Potentiometers were 
used to measure the thermocouple responses. A Bush Mark 10 Recorder 
was used to record the differential thermocouples' output for the last 
five runs with Model No. 2 and for all of the runs with Model No. 1. 
Pressure Drop Measuring Apparatus 
The CMC solution flow rate orifice and the water flow rate ori-
fice pressure taps were connected to Merriam SO-Inch U-Tube Manometers 
with 1/10-inch subdivisions. Mercury was used in both orifice mano-
meters. The orifice manometer lines were 1/4-inch O.D., 14-BWG copper 
tubing; and the valves were standard 1/4-inch globe valves. 
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A Merriam 50-Inch U-TubeManometer.with 1/10-inch subdivisions 
was used for the tube bank pressure dropmeasurementso Carbon tetra-. 
chloride was used in the tube bank manometer during most of the runs. 
It was necessary to use tetrabromoethane for several runs involving 
Model No. 3 and a very viscous 11/2 percent CMC solutiono Iodine was 
dissolved in both the carbon tetrachloride and the tetrabromoethane to 
color the fluids for easier manometer reading. The tube bank manometer 
lines were 1/4-inch O.Do, 14-BWG copper.tubing; and the valves were 
standard 1/4-inch globe valves. For the runs with Model Noo 1, water 
displacement bombs filled with 1/2 gallon of water were installed be-
tween the tube bank manometer. and the test section to prevent CMC solu-
tion from entering the manometer. Elimination of CMC solution from 
the manometer improved the manometer response to pressure changes, and 
the manometer fluids and tube walls remained cleaner for a longer pe-
riod of time. 
In order to determine the amount. of frictional heating taking 
place between the differential thermocouples, 1/4-inch pressure taps 
were installed near the flanges holding the differential thermocouples. 
Pressure gauges were used to measure the pressure at these taps for 
both the CMC solution and the water. 
Solution Preparation Materials and Equipment 
The non-Newtonian fluids usedweresolutions of Hercules Type 7H 
Sodium Carboxymethylcellulose (CMC) in. tap water o A small amount of 
acetone was used with the CMC powder to facilitate the preparation of 
the solutions. A mixer with a 1/4-horsepower motor and a 4-:-inch diam""" 
eter impeller was used to mix the CMC solutionso A Powerstat was used 
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to control the speed of the mixer. 
Other Equipment 
A Brenet No. 65 Stopwatch with a 10-second sweep and 1/10 second 
subdivisions was used for the flow rate determinations. 
A Fann VG Model 35 rotational viscometer was used to obtain shear 
stress-shear rate data for the CMC solutions. The temperature of the 
samples being analyzed.with the. viscometer was controlled by a constant 
temperature bath circulating water around the outside of the.viscometer 
sample cup. Oils obtained from the National Bureau of Standards we·re 




During the thermocouple calibrations of both the single and dif-
ferential thermocouples, the thermocouple circuits were identical to 
the thermocouple circuits used. during the experimental runs. .. During 
the thermocouple calibrations and experimental runs, the potentiometers 
were standardized before each reading .•. 
A constant tempe.rature water bath was used to calibrate. the sin-
gle thermocouples at temperature levels.comparable to the levels ex-
pected during the experimental runs •. The. single thermocouples were 
placed in the constant. temperature bath., and a single common reference 
thermocouple was·placed.in a thermos containing ice prepared from dis-
tilled watero The constant temperature bath temperature was brought 
to the low end of the temperature range of interesto When the bath 
temperature reached equilibrium, the bath precision thennometer was 
read; and the thermocouple response was measured using the potentiom-
eter o For the next calibration point, .. the bath temperature was in-,. 
creased a small amount (1 to 4°F); and the bath temperature was allowed 
to reach equilibriumo About one hour was allowed for the temperature 
to reach equilibrium for each calibration pointo 
Two constant temperature water baths were used to calibrate the 
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differential thermocouples at.the.temperature levels and temperature 
differences expected during the experimental runs. For each differen-
tial thermocouple set, one side of the thermocouple set was designated 
to be placed at the inlet location. Each side of the differential 
thermocouple was placed in.a water bath, and the bath containing the 
thermocouple side designated as "inlet" was brought to the desired 
temperature level. The other.bath was operated at temperatures below 
and above the temperature .of the inlet thermocouple bath to allow for 
both heating and cooling.runs •. About one hour was allowed between 
calibration points for the.temperatures to reach equilibrium. At each. 
calibration point, both bath temperatures and the thermocouple response 
were measured and recorded. 
Solution Preparation 
Two kilograms of sodium carboxymethylcellulose (CMC) powder were 
required to prepare one barrel .. of one percent CMC solution. Previous 
experience has shown.that direct addition of.CMC powder to water causes 
the formation of large lumps. These lumps have CMC gel around the out-
side and dry CMC powder inside and are very difficult to dissolve. To 
prevent the lump formation, a. thick. slurry of the CMCpowder in acetone. 
was prepared for addition to the, water .•. The mixer impeller was placed 
in a bucket of water, and the mixer was started.at a moderate speed. 
Some of the CMC-acetone slurry was gradually added; and, as the CMC 
dissolved, the mixer power .. was increased. When the CMC was suffi-
ciently dissolved, the bucket of solution was transferred to the hold-. 
ing barrel. This procedure was continued until all of the measured 
amount of CMC powder was dissolved in the water. Water was then added 
to the holding barrel to bring the solution to the desired level in 
the holding barrel. The.solution was then. pumped around the bypass 
loop for several hours to complete the mixing processo 
Flow Rate Determinations 
CMC Solution Flow Rates 
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During the course of the experimental runs, two methods were used 
to determine the CMC solution flow rates. 
The first method was used for the experimental runs with Tube 
Bank Model No. 3 using the one percent CMG solution, A level gauge 
attached to the side of the CMC solution flow rate tank was calibrated 
to give the volume of solution in the flow rate determination tanko 
The flow rate was determined from the change in level gauge reading 
during a measured length of time,. The stopwatch was started when the 
solution flow was diverted from the CMC solution holding barrel return 
line to the flow rate tank by means of quick,,-closing valves and was 
stopped when the valves were returned to the normal position. 
The second flow rate determination method was used for the remain,,. 
der of experimental runs. with Model No .•. 3 and for all of the runs with 
Model No. 2 and Model No. 1. A rod with. two marks was attached to one. 
side of the inside of the flow rate determinationtank. The volume of 
fluid represented by the space between the two marks was determined 
using a graduated.cylinder. The CMC solution flow rate was determined 
by diverting the solution flow from the solution holding barrel return. 
line to the flow rate determination. tank. The time required for the 
solution level in the flow rate tank to go from the first mark to the 
second mark was measured with a stopwatch. The times measured during 
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these flow rate determinations ranged from 14 seconds to 62 seconds. 
Water Flow Rates 
The water flow was diverted from the water storage tank return 
line to the water. flow rate determination tank. The time required for 
the water level in the tank to pass from one level mark to another 
level mark was measured with a stopwatch4 The volume represented by 
the distance between.the level.marks on the.side of the tank was calcu-
lated from the tank dimensions and the distance between the marks. 
Isothermal Pressure Drop Run Procedure 
The isothermal pressure drop experimental runs can be separated 
into two groups: (1) pressure. drop.runs at temperature levels compara-
ble to the temperature levels existing during the heat transfer runs 
and (2) pressure drop runs at a temperature level determinated by the 
cooling water temperature and ambient room temperature. 
At the start of all pressure drop runs., valves located above the 
tube bank pressure drop manometer were opened to bleed the air from 
the manometer lines. These valves were closed when no more air could 
be forced to leave the manometer sys.tern. The air-vent valves .were 
opened periodically during the runs to make. sure that all air had been 
removed from the manometer system. 
High Temperature Isothermal Pressure Drop Run. Procedure 
The air in the manometer system was removed, and the flow rate 
was established by means of the CMC solution pump variable speed drive. 
The CMC solution was heated to the desired temperature level with 
steam for the runs with Model No. 3. Hot water was used to heat the 
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CMC solution for the runs with .Model No. 2 and Model No. L The steam 
or hot water circulation was stopped when the CMC solution reached the 
desired temperature level. The CMC solution then slowly cooled due to 
' 
heat loss to the room. The CMC solution inlet and outlet thermocouple 
response readings and tube bank pressure drop manometer readings were 
observed and recorded at intervals of several minutes until equilibrium 
appeared to be established, and the temperature level.of the CMC solu-
tion fell below the temperature.level of interest. Each isothermal 
pressure drop run required an average time of about. one hour.. When 
the temperature and pressure drop measurements for a pressure drop run 
were completed, the CMC.solution flow rate was determined. The CMC 
solution differential thermocouple. response.was observed and recorded 
during all of the isothermal runs with Model.No, 3 and during part of 
the runs with Model No. 2. The differential thermocouple response.was 
measured to determine the amount of hea.t loss and frictional heating 
incurred by the CMC solution.crossing the tube bank; however, this 
method was determined to be unreliable .. because. the temperature changes 
to be measured were too small for accurate measurement us;ing the 
thermocouples. 
Ambient Temperature Isothermal Pressure.· Drop Run ·Procedure 
Cooling water was circulated through. the CMC solution holding 
tank coil during isothermal pressure drop runs for Tube Bank Models 
No. 3 and No. 2. Cooling water was not used during the pressure drop 
runs with Model No. !.because the runs were made during the winter, 
and the cooling water would cool the solutions below the desired tern-
perature range. 
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The air in the manometer systemwas·removed, and the flow rate 
was established. The CMC solution inlet and outlet thermocouple re-
sponse readings and tube bank pressure drop readings were observed and 
recorded until equilibrium appeared. to be established. Each of these 
pressure drop runs required time of about one hou-ro The CMC solution 
flow rate was determined after the temperature. measurements and pres-
sure drop measurements for each run were completed. 
Heat Transfer Run Procedure 
The heat transfer runs may be divided into two.groups: (1) heat-
ing runs where the CMC solution was he~ted during flow across-the tube 
bank and (2) cooling runs where the.CMC solutionwas cooled.during 
flow across the tube banko The experimental procedures for the heat-: 
ing and cooling runs were the same after the equipment start-up was 
achievedo 
Sets of data during each heat . transfer run wer,e taken at 10- to 
20-minute intervals for about an hour. Each set of data consisted of 
the following measurements: 
lo CMC solution inlet and outlet thermocouple response 
2o Water inlet and outlet thermocouple responses 
3. CMC solution differential thermocouple response 
4. Water differential thermocouple response 
So CMC solution orifice,manometer reading 
60 Water orifice manometer.reading 
1. Tube bank pressure drop manometer reading 
The CMC solution flow rate determinations.were made after the first 
and last sets of data were taken for each runo After the first set of 
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data, pressure gauges were used to measure the pressure at the thermo-
couple holding flanges to determine the amount of frictional heating 
incurred by the CMC solution and water flowing through the test 
sectiono 
A new CMC solution flow rate was established by changing the pump 
speed after the temperature, pressure and flow rate measurements for a 
run were completedo The millivolt recorder output showed that a time 
period of 20 minutes was quite sufficient for the thermocouple readings 
to reach equilibrium at the new flow rate. After start-up was 
achieved, five runs at different CMC solution flow rates were usually 
made before the equipment was shutdown. Eight to ten hours were re~ 
quired to complete the five runs. For the runs with Models No. 2 and 
No. 1, the CMC solution pump was set at its lowest speed for the first 
run; and the flow rate was incr'eased. for each of the succeeding runs. 
For the last run, the CMC solution rate was returned to the lowest 
rate to try to reproduce the results of the. first run. after start-up •. 
Samples of the CMC solutions were collected during the runs for 
rheological analysis at a. later time.o . The frequency of· the CMC solu-
tion sample collection was determined by the age of the CMC solution 
and by the amount of heating.undergone by the CMC solutiono The fresh 
CMC solution properties were more time dependent than the properties 
of older solutionso 
Heating Run Start-Up Procedure 
The CMC solution pump was started and. set at the speed necessary 
to provide the desired CMC solution flow rateo The cooling water 
valve for the CMC solution holding tank coil was opened to allow the 
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maximum cooling water flow rate throughout the heating runs. 
The water circulation pump was started to establish the circula-
tion of water through the tube bank tubes. For runs where only part 
of the water circulation pump output was sent through the tube bank, 
the bypass water line valve was opened to allow approximately half of 
the water pump output to return directly to the storage tank without 
passing through the tube bank •. For runs where the water bypass line 
valve was closed, .. the water circulation pump provided a water flow 
rate of 27,000 pounds per hour •. A steam.valve was opened.to allow 
steam to flow through the water storage tank coiL The steam flow 
· rate was later decreased to maintain constant temperature when the 
water tube bank inlet temperature response reached.4.1 millivolts 
(about 150°F). It was necessary during runs to make slight changes in 
the steam flow rate to the .water.storage tank. coil in order to keep 
the water temperature within the desired temperature range. 
Coolin,& !!fil Start-Up Procedure. 
The CMC solution pump was started at the. speed necessary to give 
the desired flow rate. For the runs witn Model No .• 3, a steam valve 
was opened allowing steam to.pass through the CMC solution holding 
tank coil to heat the CMC solution to the desi.red temperature level 
(about 120®F)o For the runs with Models No. 2 and No. 1, the pump 
used to circulate hot water. (at about 190®F) through the CMC solution 
holding tank coil was started. The steamvalve for the line to the 
hot water tank coil was opened toheat.the water for circulation 
through the solution tank coil. The steam flow .rate to the hot water 
tank coil was slightly changed during the runs to keep the hot water 
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at 190°F. 
The water circulation pump was started to establish water flow 
through the tube bank tubes. The total water pump output was circu-
lated through the tube bank during the cooling runs. The cooling 
water valve was ope-qed providing cooling water for the water .. storage 
tank coil. During the runs, minor changes in the cooling water rate 
were necessary to keep the.water temperature within the desired tem-
perature range. 
While the water and CMC solution were being circulated to reach 
the desired temperatures and equilibrium, .the air was removed.from the 
manometer systems by openingvalves·located above the manometers. The 
potentiometers and millivolt. recorder. we.re also prepared for operation 
during this time. The recorder chart speed was set at 20 inches per 
hour, and the recorder output was set at 0.5 millivolts per inch. 
Viscometer Operation Procedure 
Viscometer Spring Calibration.Procedure 
Two methods were used to make necessary periodic calibrations of 
the viscometer springs. 
The first method consisted of using the viscometer with an oil. 
having a known viscosity. The viscometer spring constant was calcu-
lated from the observed rotor speed', deflection reading, and the known 
oil viscosity. 
For the second method, a string was attached to the viscometer 
bob and passed over a pulley. A weight of known mass was attached to 
the string, and the resulting viscometer deflection was observed. The 
spring constant was calculated from the observed deflection, bob 
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radius, and the mass of the weight attached to the string. 
Spring constants obtained using the weight were about 5 percent 
greater than the spring constants obtained using the viscosity stand-
ards. These differences may be attributed to (1) temperature control 
and measurement difficulties and (2) change of the viscosity stand~ 
ards' viscosity due to aging. Spring constants based on the weight 
calibration data were used to reduce the CMC solution viscometer data. 
CMC Solution Analysis Procedure 
The appropriate bob~ rotor, and spring were installed on the vis~ 
cometer. The water circulating constant temperature bath was started 
and set at the desired temperature. The water from the temperature 
bath was circulated around the outside of the sample cup o The app.ro-
priate amount of CMC solution was poured. into the sample cup, and .the 
cup was placed on the viscometer with the rotor and bob immersed in 
the CMC solution sample. The proper depth for immersion.was indicated 
by a mark on the viscometer rotor. While waiting for the CMC solution 
to reach the desired equilibrium temperature level, the viscometer 
motor was started; &nd the rotor speed was set at 600 revolutions per 
minute to mix the CMC solution sampleo. When the equilibrium tempera~ 
ture level was established, the temperature of the CMC solution sample· 
was observed and recorded; viscometer deflection readings were taken 
at. rotor speeds of 600, 300, 200, and 100 revolutions per minuteo The 
solution temperature was again measured after the.last reading. For 
an acceptable viscometer run 11 the initial and final solution.tempera-
tures could not di.ff er by. more than. Oo r'F. Viscometer runs for most 
samples were made at three temperature levelso 
CHAPTER VII 
PRESENTATION AND DISCUSSION OF RESULTS 
The raw data '.and calculat.ed results for. the heat transfer runs 
are tabulated in Apprendices D and E •. Appendix F contains tabulated 
raw data and calculated results .for.the isothermal pressure drop runso 
Rheological properties calculated from the Fann Viscometer d$ta are 
presented in Appe.ndix.G. 
The resulting j~factors and friction factors .. obtained for the 
th.ree tube bank models are presented in Figures .17 tht'ough 22 as a 
function of the modified Reynolds number. Examination of Figures 17 
through 22 yields the following stat.ements; 
lo The use of the proposed modified Reed-Metzner Reynolcls .. numbe·r 
brings the j-factors and friction factors for the CMC solu-
tions having different rheological properties into reasonable 
.agreemento 
2. The application of the modified Reed-Metzner Reynolds number. 
· to the pressure drop data gives CMC solution friction factors 
whtch are in fair agreement with the accepted friction fac-
tors for Newtonian fluids o 
3o The j-factor versus modified Reed-Metzner Reynolds number 
curves are approximately parallel to and below the accepted 
Newtonian fluid j-·:-factor versus Reynolds number curves. The 
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Newtonian fluid j~factors~ 
4o The. heat transfer. results for. Tube Bank. Models Noo 1 and .. No. 
3 yield significantly different j-factor versus modified 
Reynolds number curves for heating and cooling runs. This 
effect is only slightly evident in the j-factor-Reynolds num-
her curves for Tube Bank Model No. 2. More data at various 
values of (y /y) are needed to develop a single curve to re~ 
w 
present both heating and cooling heat transfer data. 
The difference pointed out in statement 3 between the calculated 
non-Newtonian fluid j-factors and the accepted Newtonian.fluid j-
factors may be attributed to one or both of the following: .. (1) foul-
ing resistance to heat transfer and (2) CMC solution rheological be-
havior, Leo , the increase in apparent viscosity with decreasing shear 
rateo 
Examination of the tubes after removal of the tube bank headers 
showed deposition of scale both. inside. and outside. ot: the ... tubes... The 
scale deposit was not thick enough to. alter the dimensions for flow 
(thus producing no pressure drop change due to fouling); however~ the 
deposits could have presented a significant resistance to heat trans~ 
fer. At the end of each series of runs, the first run was replicated 
to check for fouling buildup during the time.required to make these-
ries of runs (approximately .. seven hours were required to make a series 
of runs). The results of series of runs made several days.apart are 
also in reasonable agreement and do not indicate any significant foul-
ing increase with time. 
There exists the possibility that the fouling occur.red soon after 
installation of the tube banks, before the data were takeno This 
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fouling would be expected to significantly dampen the variation of the 
fouled j-factor with Reynolds numbero However, the observed non':"' 
Newtonian j-factor versus Re curves are approximately parallel to the 
es tab.lished Newtonian curves. 
Due to the existence of varying cross-sectional area within a 
tube bank for flow across the tube bank, the shear rate is a function 
of position in the tube bank. This.variation of the shear rate with 
position causes the app~rent viscosity of the CMC solution to also be 
a function of positiono Since. the region behind each tube is a region 
of relatively low shear rate, the fluid behind the tube is more vis-
cous than the fluid in the main flow. The existence of this more vis-
cous fluid behind the tube.decreases the heat transfer rate from the 
rear of the tube to the fluid behind the tubeo This region of higher 
viscosity does not exist for Newtonian fluid flow; therefore, the non~ 
Newtonian fluid j-factors can be expected to be less than the Newtonian 
fluid j-factors. One method of evaluating this effect of the apparent 
viscosity dependence upon the shear rate would be t.o obtain heat 
transfer data for a dilatant fluid. If the apparent viscosity depend-:-
ence upon the. shear rate is signific;mt, one would expect the dilataht 
fluid j-factors to exceed the Newtonian fluid j-factors. 
There are not sufficient data to positively attribute the rela-
tively low non-Newtonian j-factors to either fouling or to the fluid 
behavior. 
In order to obtain some quantitative evaluation of the spread in 
the data, two types of regression analyses were applied to the j-
factors and friction factors o The resu.lts of the regression analyses 
are presented in Tables II through v. A regression analysis was 
TABLE .. II 
REGRESSION ANALYSIS SUMMARY FOR LOG j VERSUS LOG Re 
Tube Heating Number Minimum Maximum 
Bank Calculated or of Reynolds Reynolds 
Model Relationships Cooling Points Number Number 
1 j = 00827 Re~ 0•711 H+C 26 22.3 307 
1 j = 1.10 Re-00809. H 14 22.3 164 
1 j = Ll7 Re-0.151 c 12 35.7 307 
2 j = 0.499 Re- 00642 H+C 31 20.6 439 
2 j = 0.499 Re- 00645 H 24 20.6 439 
2 j = 0.605 Re-0°6 67 c 7 37 .. 7 183 
3 j = 00607 Re- 0•636 H + C** 23 3.46 91.8 
3 j = 0.678 Re-0·6 98 H 18 3.46 70.9 
3 j = 0.747 Re-00790 c 5 16.7 91.8 
* Average Absolute Percent Difference= IA.BS (Percent Difference) 
Number of Points • 





























REGRESSION ANALYSIS SUMMARY FOR LOG f VERSUS LOG Re 
Heating, Average* 
Tube Cooling, Number Minimum Maximum Maximum Absolute 
Bank Calculated or of Reynolds Reynolds Percent Percent 
Model Relationsh!.£. Isothermal Points Number Number Difference Difference 
l f = 80.5 Re-p.984 H + C + I 59 10.1 351 34.5 9.93 
1 f = 78.0 Re- 0•969 H 14 22.3 164 31.9 9.17 
1 f = 39.7 Re-0•845 c 12 42.6 307 15.0 9.00 
1 f = 90.0 Re-l.Oll I 33· 10.1 351 19.2 8.38 
2 f = 41.3 Re~o.a 99 H + C + I 58 17.5 439 -42.9 11.5 
2 f = 44.3 R~-o.a91+ H 23 17.5 439 -22.8 10.6 
2 f = 31. 3 Re .... O" 8 7 3 c 7 37.7 183 -19.3 10.1 
2 f = 36. 7 Re -:-_0 • 8 8 0 I 28 18.7 425 -20.6 9.76 
3 f = 36~2 Re- 00961 H+ C +I** 39 1.9Z · 113 -51. 7 i6.0 
3 f = 33.7 Re- 0•894 H 15 3.58 70.9 28.8 8.15 
3 f = 31. 5 Re - 0 • 91 0 c 5 16.7 9L8 4.,65 2.89 
3 f = 34.2 Re- 00974 I 19 1.92 113 -36.6 21.0 
* Average absolute percent difference= LABS (Percent Difference) • 
Number of Points 
** H + C + I indicates that data points for heating, cooling, and isothermal pressure drop runs "' r,.., were used in the regression analysis. 
TABLE IV 
REGRESSION ANALYSIS SUMMARY FOR j VERSUS Re-0.667 
Tube Heating Number Minimum Maximum 
Bank Calculated or· of Reynolds Reynolds 
Model Relationship Cooling Points Number Number 
1 j = 0.738 Re-0.667 - 0.0023 H+C 26 22.3 307 
1 j = 0.765 Re-0.661 - 0.0086 H 14 22.3 164 
1 j ~ 0.896 Re-0.667 - 0.0050 c 12 22.3 307 
2 j = 0.540 Re-0.667 + 0.0009 H+C 31 20.6 439 
2 j = 0.543 Re-0.667 - 0.0001 H 24 20.6 439 
2 j = 0.599 Re-0.661 + 0.0003 c 7 37.7 183 
3 j = 0.622 Re-0.667 + 0.0060 H + C 23 3.46 9L8 
3 j = 0.641 Re-0.667 - 0.0016 H 18 3.46 70.9 





























REGRESSION ANALYSIS SUMMARY FOR f VERSUS Re-1.0 
Heating, Average 
Tube Cooling, Number Minimum. Maximum Maximum Absolute 
Bank Calculated or of Reynolds Reynolds Percent Percent 
Model Relationship · Isothermal Points Number Number Difference Difference 
1 f = 99.2 Re-l.O - 0.18 H + C + I 59 10.1 351 63.1 18.3 
1 f"" 84.8 Re-l·O + o •. 08 H 14 22.3 164 31. 7 10.3 
1 f = 71.6 Re-l.O + 0.07 c 12 42.6 307 18.9 6,. 7 
1 £"" 103.6 ·Re-l.O - 0.21 I 33 10.1 351 19.6 18.5 
2 f = 56.7 Re-l.O - 0.09 H + C + I 58 17.5 439 ..;.43.2 11.6 
2 f = 58.4 Re-l.O + 0.14 H 23 17.5 439 -35.6 12.7 
2 f = 49 .O .Re-1 • O + 0 .• 06 c 7 37.7 183 -22 •. 8 10.6 
2 f = 52.2 Re-l.O + 0.11 I 28 18.7 425 -27.3 10.9 
3 f = 41.1 Re-l.O - 0.050 H+C+I 39 1.92 113 -43.0 17G5 
3 £ = 37.9 Re-l.O + 0.42 H 15 3.58 70.9 -39.7 10.4 
3 f = 39.7 Re-l.O + 0.09 c 5 16.7 91.8 -4.88 2.49 
3 f = 42.3 Re-l·O - 0.29 I 19 1.92 113 82.2 27.1 
" .s:.-, 
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applied to the logarithm of the j-factors, frict:f:on factors, and mod-
ified Reynolds number to obtain relationships of the form 
j = (AJ) ReBJ (7-1) 
f = (AF) ReBF (7-2) 
where AJ, BJ, AF, and BF are regression coefficients. 
Results of laminar flow studies for flow inside tubes have indi-
cated the j-factor is a linear function of Re-213 and f is a linear 
function of Re- 1 (20, 28)o The results of the regression analyses 
based on Equations 7-1 and 7-2 indicate the.existence of a.similar 
linear relationship between j and Re-2/3 and between f and Re- 1 for 
non-Newtonian flow across ideal tube bankso Thus relationships of the 
form 
C1 
j = Re2/3 + C2 (7-3) 
f 
D1 
D2 =-+ Re (7-4) 
where c1, c2, D1, and D2 are regression.coefficients were used in the 
second group of regression analysis. The constants C2 and Da become 
increasingly significant as the Reynolds .number approaches the trans!-
tion flow regime, and the constants should be positive. The regres-
sion analyses gave negative.values.for c2 and D2 in some cases,.and 
the negative values should not be used for extrapolation. The scatter 
in the experimental data.makes it.quite difficult to calculate reli-
able values for C2 and D20 
The regression analyses based on Equations 7-1 and 7-3 gave 
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comparable results for the observed }·'."factors as a function of 
Reynolds number. The j-factor regression analyses also indicate that 
separate curves should be used for heating and cooling the CMC solu-
tions. The curves based upon j .as a.function of Re2/ 3 are presented 
in Figures 17, 19, and 21. 
Examination of Tables III and Vindicates.that the regression 
analyses based upon log f versus log.Re do a better job of fitting the 
observed data. The results of the analyses also indicate that the 
heating, cooling, and isothermal friction factors for a given tube 
bank may be represented by a single curve. Friction factor versus 
Reynolds number bas·ed upon the log~log regression analyses are pre-
sented in Figures 18, 20, and 22. 
CHAPTER VIII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The proposed modified Reed:Metzner Reynolds number successfully 
brings the j-factors and friction factors for CMC solutions having 
different rheological properties into agreement. 
The determined curves for the friction factor versus the modified 
Reynolds number are in.fair agreement with the accepted friction 
factor-Reynolds number curves for flow of Newtonian fluids across tube 
banks. 
The experimental non-Newtonian.fluid j~factor versus Reynolds 
number curves fall significantly below the accepted j-factor versus 
Reynolds number curves. This phenomenon .. is attributed to fouling and 
to increase in apparent viscosity .with decreasing shear rate. 
Different j-factor.versus modified Reynolds number.curves are 
obtained depending upon whether the CMC solution was being heated or 
cooled. 
Recommendations 
Heat transfer data and pressure.dropdata are needed.for a.wider 
range of Reynolds numbers. The behavior of other non-Newtonian fluids 
besides CMC solutions should also be investigated. 
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The installation of thermocouples at various locations on the sur-
faces of the tubes could provide useful information relative. to the 
variation of the .heat. transfer. rate with .. radial. tube position. 
The replacement of manometers.with strain gauge pressure.trans~ 
ducers for the. pressure drop measurements should also be considered. 
A more rapid and more accurate response can. be expected from the 
pressure transducers. 
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NOMENCLATURE 
Aai - Minimum cross~sectional area for flow across the tube 
bank 
A0 - .Heat transfer area based upon the outside area of the 
tubes 
ADT - Regression coefficie~tfor.temperature difference as a 
function of differential .. thermocouple response 
AGAM - Regression coefficient for gannna as a function of 
temperature 
AK - Regression coefficient for water.thermal conductivity as 
a function of temperature. 
APR - Regression coefficient .. for. water Prandtl number as a 
function of temperature. 
AR - Regression coefficient.for.water Reynolds_number proper-
ties as a function of temperature 
BGAM - Regression coefficient. for gamma as a function of 
temperature 
BK - Regression coefficient for.water. thermal conductivity as 
a function of temperature 
BPR - Regression coefficient for water Prandtl number as a 
function of temperature. 
BR - Regression coefficient for water Reynolds number proper-
ties as a function of temperature 
83 
Cp - Heat capacity 
CNP - Regression coefficient for n prime as a function of 
temperature 
CPR - Regression coefficient.for.water. Prandtl number as a 
function of temperature 
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CR - Regression coefficient.for_waterReynolds_number proper-
ties as a function of temperature 
Dc - Minimum clearance between.tubes 
Di - Inside tube diameter 
D0 , Dt - Outside tube diameter 
Dv - Volumetric hydraulic .. diameter. 
DNP - Regression .coefficient. for n prime as a function of 
temperature 
(du/du) 1 - Shear rate at the.wall 
(du/dy) APP - Apparent shear rate for. flow. across .tube bank 
(du/dy)T - True shear rate for flow across tube.bank 
E - Single thermocouple.response 
Fa - Arrangement factor. 
f - Friction factor 
Gm - Mass velocity at .minimum .. cross-sectional flow area 
gc - Conversion factor, 4.17 x 108 (lb.m-ft.)/(lb.chr. 2) 
hi - Heat transfer coefficient for flow inside tube 
h0 - Heat transfer. coefficient for. flow outside tubes 
J - Mechanical equivalent .. of heat, 778 lb. f-ft. /Btu 
j - j-factor for.heat transfer 
K - Power law consistency index 
K' - Reed-Metzner generalized power law consistency index 
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K* - Darcy law constant 
Ks - Viscometer spring constant 
k - Thermal conductivity 
L - Length of flow across tube bank 
M - Viscometer deflection reading 
N - Number of major restrictions encountered in flow through 
the tube bank 
Nu - Nueselt number 
n - Power law fluid.behavior index. 
n' - Reed-Metzner. generalized· powe.r law. behavior index 
P - Pitch, minimum center-to-center. dtstance between adjacent 
tubes 
p - Pressure 
Pr - Prandtl.number. 
* QCMC - Apparent amount.of heat .transferred.to. the CMC solution 
~ - Apparent amount of heat transferred.to the water 
QCCMC - CMC solution heat gain. correction accounting for fric-
tional heating 
Q - Water heat gain correction accounting for frictional cw 
heating 
QCMC - Net amount of heat transferred.to. the CMC solution 
~ - New amount of heat transferred to the water 
Ri - Tube inside radius 
Ra - Tube outside radius ... 
Re - Reynolds number 
r - Distance from axis of cylinder 
r 1 - Radius of viscometer bob 
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r 2 - Inside radius of the rotating cylinder of the viscometer 
SL - Longitudinal pitch~ same as P 
ST - Transverse pitch, center-to-center distance from tube to 
tube in.one transverse.tube row 
St - Stanton. number. 
R - Temperature 
T* - Absolute temperature 
TA - Regression coefficient for temperature as a function of 
single thermocouple response 
TE - Regression coefficient for temperature as a function of 
single thermocouple response 
U0 - Overall heat transfer coefficient based on the outside 
heat transfer area 
Vr - Velocity in the radial direction 
v0 - Angular velocity 
W - Mass flow rate 
y - Reed-Metzner generalized .viscosity coefficient 
Yw - Value of y at the wall temperature 
b. - Ratio of non-Newtonian shear rate to the Newtonian shear 
rate 
v2 - Laplacian operator. 
v4 - Biharmonic operator 
b.E - Differential thermocouple response 
b.P - Pressure drop 
(AT)CMC - Temperature change for CMC solution flowing across the 
test section 
(AT)w - Temperature change for water flowing across the test 
section 
(AT)tm - Log mean temperature difference 
AZ - Manometer differential 
. e - Angular distance 
µ - Newtonian fluid viscosity 
µA - Apparent viscosity 
µB - Bingham plastic viscosity 
p -.Density 
T - Shear stress 
T1 - Shear stress at the wall· 
t - Bingham plastic yield stress 
0 
$ - Stream function 
G - Viscometer rotor speed 
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DATA REDUCTION PROCEDURE 
Reduction of Thermocouple Calibration Data 
Differential Thermocouples 
A linear regression analysis was applied.to the differential 
thermocouple response data to obtai.n relationships of the form 
T = (ADT) (~E) 
where 
T • temperature change, °F · 
~E =·thermocouple response, millivolts 
ADT = linear regression coefficient, °F/millivolt 
Single Thermocouples 
(B-1) 
The single thermocouple cali~ration data were analyzed using a 
lin~ar regression analysis to obtain relationships of the form 
where 
T • (TA) (E) + TB 
T = temperature, °F 
E = thermocouple response, mill;i.volts 
TA and TB= regression coefficients 
Reduction of Viscometer Data 
(B-2) 
The computer program used to reduce the viscometer data is given 
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in Appendix H. 
The value of n, the flow behavior index, was determined by apply-
ing a linear regression analysis to the deflection and rotor speed 
data to obtain the relationship 
log M = (n) log O (B-3) 
where 
M = viscometer deflection. reading, degrees 
O = rotor speed, rpm 
Van Wazer, et al., (30) and Cruzan (12) have presented equations for 
calculating the shear stress and the shear rate at the viscometer bob 




2,r r 2 L 
1 
2 rf~ o* 
n (r~/n - r~/n) 
T1 • shear stress at viscometer.bob, dyne/cm. 2 
Ks• viscometer spring constant, .. dyne/cm.-deg. 
M = viscometer deflection reading, deg. 
rl = radius of viscometer bob; cm. 
r2 = radius of outer viscometer cylinder, cm • 
L = . length of viscometer bob, cm •. · 
(:;) l = shear rate at viscometer bob,.sec.-1 
o* = viscometer rotor speed, radians/sec. 
n = flow behavior index from Equation B-3 
(B-4) 
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The value of K, the power law consistency index, was then found from 
K= (B-6) 
where 
K = power law consistency ·index, dyne-sec.n/cm. 2 
The constants, Kand n, obtained from.the rotational viscometer 
data were then used to calculate the constants, K' and.n', for the 
generalized Reed-Metzner power.law. The constants are related by the 
following equations; 
n' = n (B-7) 
(B-8) 
The generalized viscosity coefficient was calculated using the rela-
tionship given by Metzner and Reed (21): 
n'-1 
y"" Sc 8 K' (B-9) 
where 
y = generalized viscosity coefficient, gm.-sec.n'-2/cm. 
Sc= conversion factor, gm.-cm./dyne-sec.2 
A sample of the viscometer data reduction program results is. 
presented in Table VI. The curve. fit giving the value of n' was .based 
on the viscometer data at speeds giving shear rates comparable to the 
shear rates existing in the tube banks.. Capillary. viscometer. results. 
obtained by Randolph. (26) for.some of the·CMC solutions actually.used. 
in this research work are in good agreement with the Fann viscometer 
TABLE VI 
SAMPLE FANN VISCOMETER RAW DATA AND CALCULATED 




Deflection Rate Speed (dyne) 
~m) (deg.) · ~m.~ (seco- 1) 
300.0 71.2 326 
200.0 53.2 243 
100.0 31. 7 145 
N Prime= 0.738 
Average Gamma~ 1. 994 gm-sec.n'-2 
cm. 






Gamma K K Prime 
n n' n'-2 
(dyne-sec. ) (dyne-sec. ) e~m-sec. 
cm.2 cm.2 cm. 
3.222 . 3.431 1.988 
3.247 3.457 2.004 
3.226 3.435 1.991 
Apparent 
Viscosity 









The "apparent shear rate" for the flow across the tube bank was 
calculated using 
Apparent Shear Rate = (t) 
y APP 
(B-10) 




The "true shear rate" by analogy to the case for flow inside a tube is 
then 
d ~ I+ 1 n 1 8 V True Shear Rate = ( ....Y.) = · (."'n , . ) (.;_;__SJ 
dy T 4n D0 
(B-12) 
In order to use the computer for. data reduction, it was necessary to 
develop equations for y and n' as a function of temperature. A re-
gression analysis was applied to. they and. n' values obtained for a 
given sample at different temperatures. The resulting equations were 
loge y =A~~+ BGAM (B-13) 
n' = CNP (T - 80.0) + DNP (B-14) 
where 
T* = absolute temperature, 0 R 
AGAM, BGAM = regression coefficients 
T = temperature 
CNP, DNP = regression coefficients 
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CMC Solution Physical Properties 
Based upon results reported by Metzner, Vaughn, and Houghton 
(22), the heat capacity and density of water were used for the heat 
capacity and density of the CMC solutions. Boggs and Sibbitt (7) have 
reported the CMC solutions' thermal conductivities within 1 percent of 
the thermal conductivity of water; therefore, the thermal conductivity 
of water was used for the CMC solution calculations. The water ther-
mal conductivities and viscosities were obtained from a chart pre-
sented by Clarke (11), and the densities were obtained from a table 
presented by Albertson (1). 
Reduction of Heat Transfer Data 
The computer program used to reduce to the heat transfer data is 
presented in Appendix H. 
Heat transfer coefficients, Reynolds numbers, and j-factors were 
calculated for each of the several (usually four) sets of temperature 
readings obtained during each run. 
The inlet and outlet temperature of the CMC solution and the wat.e.r 
were calculated using Equation B-2. The temperature changes of the 
CMC solution and th~ water were calculated using Equation B-1 result-
ing from the differential thermocouple calibrations. The logarithmic 
mean temperature difference for heat transfer was calculated using 
where 
_ (l.\T) = _(_T_2w_-_T_l_CM_C_)_-_._(T_llw ___ -_T_2C_M_C_) 
tm T2w - _TlCMC 
log-------
Tlw - T2CMC 
T1cMC = inlet CMC solution temperature, °F 
(B-15) 
T2CMC = outlet CMC solution temperature, °F 
T1w = inlet water temperature, °F 
T = outlet wat_er temperature, °F 2W 
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The apparent amounts of heat transferred to the CMC solution and 
to the water were calculated using the measured temperature changes 
obtained from the differential thermocouples. A heat capacity of LO 
Btu per pound-°F was used for all calculations. 
(B-16) 
q* = C W (ilT) w p w w (B-17) 
where 
* QCMC = apparent amount of heat gained by CMC solution, Btu/hro 
q* = apparent amount of heat gained by water, Btu/hr. 
w 
WCMC = CMC solution mass flow rate, lb./hro 
Ww = water mass flow rate, _lb./hr. 
The pressure losses measured.between the differential thermocouple 
locations were used to correct the apparent .. heat gains for frictional 
heating incurred by the CMC solution and water flowing through the 







QCCMC = heat gain of CMC solution due to pressure drop, Btu/hr. 
APCMC = pressure drop for CMC solution between the differential 
thermocouples, lb.f/ft.2 
PcMC = CMC solution density, lb.m/ft.3 
J = mechanical equivalent of heat, fto-lb.f/Btu 
Qcw = heat gain of water due to pressure drop, Btu/hr. 
APw = pressure drop for water between the differential thermo-
couples, lb,f/ft. 2 
Since the tes·t .. section was well insulated and the temperature levels 
were not extreme, the heat losses from the system were.assumed to be 
negligible. The net amounts of heat transferred are, therefore, 
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* QcMC = QcMC - QccMC (B-20) 
(B-21) 
Some difficulty was incurred in obtaining.satisfactory heat balances. 
Plots of the outside heat transfer coefficient based on both QcMC and 
Qw versus the CMC. solution flow rate indicated that use of Qw for cal"'." 
culating h0 gave the most reasonable results. The inaccuracy of Qm1c 
was attributed.to an insufficient amount of.mixing of the CMC solution. 
This conclusion was supported by the observed heat balance.improvement 
when mixing blocks were added to the CMC solution system. 
The overall heat transfer coefficient was calculated using 
(B-22) 
The heat transfer coefficient for the water flowing through the tubes 
was calculated using the Lawrence and Sherwood (18) correlation 
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(B-23) 
The water thermal conductivity, Di Pwlµw, and Prandtl number were cal-
culated as a function of temperature using equations developed with a 
linear regression analysis. 
where 
Dip 2 ___ ._w_ =AR+ BR Tw + CR Tw 
µw 
Prw •APR+ BPR Tw + CPR T! 




TB= 90.0°F for cooling runs 
TB= 150.0°F for heating runs 
T = average water temperature, °F 
w 
The heat transfer coefficient for the CMC solution flowing outside the 
tubes was calculated from 
(B-27) 
where 
R0 = outside tube radius, ft. 
Ri = inside tube radius, ft. 
kcu m thermal conductivity, Btu/hr.-ft.-°F 
The wall temperature was calculated using 
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(B-28) 
Equations B-13 and B-14 were then used to calculate y, Yw, and n'. 
The apparent viscosity for use in the Prandtl number was calculated 
using Equation 4-20. 
v n'-1 
µA = y ( Dm) (4-20) 
The thermal conductivity of the CMC solution was calculated using an 
equation of the form 
0 = kcMc + AKC (TAVCMC - 110.0) (B-29) 
where 
0 
kCMC = thermal conductivity of water at 110.0°F, Btu/hr.-ft.-°F 
AKC = regression coefficient 
TAVCMC = average CMC solution temperature, °F 
The modified Reynolds number, Prandtl number, Sieder, Tate factor, and 
j-factor were calculated using Equations 4-18, 4-21, 4".""23, and 4-25. 
The values of Re, Pr, j, and the Sieder.,.Tate factor.obtained for each 
set of temperature readings were then averaged. 
Reduction of Pressure Drop Data 




AZ= manometer reading, ft. 
P* = density of manometer.fluid, lb.m/ft. 3 
Pw = density of water at room temperature, lb.m/f;. 3 
The friction factor was then calculated us"ing .. Equation 4-24, 
where 





PcMC = density of CMC solution at average.temperature, lb.m/ft. 2 
Gm= mass velocity at minimum cross-sectional flow area, 
N = number of flow contractions 
The average (y/yw)O•l 4 value calculated for the heat transfer data was 
used to calculate the friction factor for the non-isothermal runs. 
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DIFFERENTIAL THERMOCOUPLE CALIBRATION 
/ 
RESULTS 
Differential Thermocouple Set Number 1 
CMC Solution Differential Thermocouple 
For (AT)cMC .> 0: 
(AT)CMC = (5.69) (AE)CMC 
Standard Error= 0.04°F 
For (AT)CMC < 0: 
(AT)CMC = (5.66) (AE)CMC 
Standard Error= 0.02°F 
Water Differential Thermocouple 
For (AT)w < 0: 
(AT)w = (-5.61) (AE)w 
Standard Error= 0.03°F 
No water differential thermocouple. calibration. data.at the proper 
temperature level.were obtained for application to cooling runs. The 
constant for the.conversion of (AE)w to (AT)w for cooling.runs was 
estimated from the CMC differential thermo~ouple results. Later 
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thermocouple calibration data indicated that the estimateq constant, 
5.7l°F per millivolt response, was quite reasonable. 
Differential Thermocouple Set Number 2--
First Cal.ibration 
.Q!£ Solution Differential Thermocouple 
For (AT)CMc > 0: 
(AT)CMc = (5.44) (AE) 
Standard Error= 0.16°F 
For (AT)cMC < 0: 
(AT)CMC = (5.76) (AE) 
Sta~dard Error= 0.02°F 
Water Differential Thermocouple 
For (AT)w < 0: 
(AT)w = (-5.45) (6E)w 
Standard Error= 0.18 
For (AT)w > 0: 
(AT)w = (-5.91) (AE)w 
Stan.dard Error = 0.06°F 
The undesirably large standard err.ors obtained. for the calibration ... 
of these thermocouples were attributed to discrepancies between 
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individual thermometers used to measure bath temperatures. Use of one 
thermometer to measure both. bath .. temperatur.es gave much. smaller stand-
ard errors for the next calibration of the differential thermocouples. 
Differential Thermocouple Set Number 2--
Second Calibration 
CMC Solution Differential Thermocouple 
For (t.T)cMC > 0: 
(6T)CMC = 5.60 (6E)cMC 
Standard Error= 0.03°F 
For (6T)CMC < O: 
(6T)CMc = 5.74 (6E)cMC 
Standard Error= 0.04°F 
Water Differ~ntial Thermocouple 
For (AT)w < 0: 
(AT)w • (-5.47) (AE)w 
Standard Error= 0.04°F 
For (6T)w > 0: 
(AT)w = (-5.75) (6E)w 
Standard Error= 0.06°F 
SINGLE THERMOCOUPLE CALIBRATION RE_SULJS 
Single Thermocouple Set Number 1 
CMC Solution Single Thermocoupl~s 
TcMC = (29.6) (E)CMc + 32.2 
Standard ErrQr = 0.02°F 
Water Single Thermocouples 
For 80 < Tw < 100: 
Tw = (29,6) (E)w + 32.2 
Standard Error= 0.12°~ 
For 140 < Tw < 165·: 
Tw = (27.0) (E)w + 40.3 
Standard Error= 0.08°F 
A single straight line was. found to adequately.express the 
temperature-thermocouple response relationship for both the CMC solu-
tion and water single thermocouples. 
T = (28.0) (E) + 36.8 
This relationship gives a standard error of 0.1°F. 
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RUN NUMBER DESIGNATION PROCEDURE 
Consider the run designated as Run Number. 1-LO~Hl. .. The first 
number, 1, represents the tube.bank model number •. The second.number, 
1.0, represents the weight percent sodium carboxymethylcellulose (CMC) 
in the CMC solution. The. letter, H, indicates that the run was a .. 
heating run; that is, the. CMC solution was heated while. pass.ing through. 
the test section •.. The letters, C and I, indicate cooling heat transfer 
runs and isothermal .. pressure drop runs, respectively. The last number, 
1, indicates that .. the run was the. first heating run using 1.0 percent 
CMC solution and Tube Bank Model Number 1. 











HEAT TRANSFER RUN THERMOCOUPLE DATA 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Differential Differential 
Run Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple 
Number (Millivolts) (Millivolts) (Millivolts) (Millivolts) (Millivolts) (Millivolts) 
3-1.0-Hl 2.448 x 4.067 4.067 2.301 0.133 
3-1.0-H2 2.686 x· 4.071 4.066 1.070 0.074 
3-1.0-H3 2.427 x 4.061 4.053 2.330 0.145 
3-1.0-H4 2.644 x· 4.023 4.011 1.065 0.182 
3-1.0-HS 2. 720 x 4.076 4.065 0.787 0.197 
3-1.0-H6 2.376 x 3.984 3.980 2.252 0.143 
3-1.0-Cl 2.657 x 1.970 2.005 -0.166 -0.139 
3-1.0-C2 2.660 x 1.994 2.027 -0.234 -0.123 
3-1.0-C3 2.650 x 1.972 1.999 -0.358 -0.114 
3-1.0-C4 2.616 x 1.948 1.974 -0.701 -0.090 
3-1.0-C5 2.544 x 1.948 1.982 -0.158 -0.118 
3-1.5-Hl 3.174 3.242 4.268 4.195 0.223 0.168 ..... 0 
-..J 
TABLE VII (Continued) 
CMC CMC CMC 
Solution Solution Water Wat~r Solution Water 
Inlet Outlet Inlet Outlet Differential Differential 
Run Thermocouple Thermocouple Thermocouple Thermocouple· Thermocouple Thermocouple 
Number (Millivolts) (Millivolts) (Millivolts) (Millivolts) (Millivolts) (Millivolts) 
3-1.5-H2 3.098 3.186 4.166 4.089 0.297 0.156 
3-L5-H3 3.026 3.117 4.109 4.029 0.477 0.146 
3-1. 5-H4 3.043 · 3.160 4.200 4.115 0.556 0.145 
3-L5-H5 2.899 3.113 4.242 4.183 0.895 0.104 
3-1.5-H6 3.035 3.037 4.238 4.349 x 0.166 
3-L5-H7 2.672 2.997 4.017 4.023 0.748 0.108 
3-L5-H8 2.979 3.206 4.270 4.243 0.503 0.142 
3-1. 5-H9 3.093 3.378 4.415 4.390 0.611 0.142 
3-1.5-HlO 2.970 3.413 4.567 4.572 0.888 0.136 
3-LS-Hll 2.953 3.410 4.613 4.599 0.816 0.195 
3-1. 5-H12 3.222 3.389 4.653 4.643 0.353 0.302 
2-LO-Hl 2.652 2.950 4.122 4.093 1.260 0.123 
2-LO-H2 2.861 2.997 4.112 4.075 0.576 0.149 ...... 0 
00 
TABLE VII (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Differential Differential 
Run Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple 
Number (Millivolts) (Millivolts) (Millivolts) (Millivolts) (Millivolts) (Millivolts) 
2-1.0-H3 2.517 2.852 4.121 4.093 1.377 0.137 
2-1.0-H4 20811 2.926 4.097 4.054 0.509 0.189 
2-1.0-H5 2.645 20864 4.207 4.162 0.909 0.179 
2-l.0-H6 2. 719 20862 4.096 4.052 0.538 0.203 
2-l.O-H7 2.390 2.788 4.261 4.222 1.333 0.172 
2-1. 0-Cl 2.903 2. 777 1.765 1.798 -0.373 -0.126 
2-LO-C2 3.085 20847 1.783 1.810 -0.705 -0.100 
2-1. O-C3 2.835 2.747 1.871 1.901 -0.231 -0.124 
2-LO-C4 3.017 2.922 1.827 1.865 -0.272 -0.173 
2-LO-C5 3.217 30042 1.898 1.930 -0.524 -0.134 
2-1.0-C6 3.082 2.858 1.897 1.917 -0.652 -0.095 
2-0o5-Hl 2.232 2.648 4.189 4.152 1.303 0.173 
2-0.5-H2 2.400 20673 4.155 4.107 0.801 0.208 I-' 0 
I.O 
TABLE VII (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Differential Differential 
Run Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple 
Number (Milli vol ts) (Millivolts) (Millivolts) (Milli vol ts) (Millivolts) (Millivolts) 
2...;0.5-H3 2.520 20719 4.196 4.147 0.653 0.225 
2-0.5-H4 2.555 2.742 4.222 4.163 0.588 0.249 
2-0.5-H5 2.593 2.753 4.187 4.127 0.516 0.278 
2-0.5-B6 2.179 2.628 4.309 4.266 1.418 0.193 
2-0.5-Cl 3.044 2.820 1.752 1. 784 -0.742 -0.107 
2-l.0-H8 2.478 2.827 4.131 4.100 1. 720 0.140 
2-1.0-H9 2.663 2.848 4.065 4.026 0.922 0.160 
2-1.0-HlO 2.842 2.982 4.227 4.188 0.695 0.190 
2-1.0-Hll 2.862 2.977 4.202 4.162 0.573 0.194 
2-1.0-Hl2 2.450 2.828 4.286 4.252 1.877 0.157 
2-1.0-H13 2.382 2.747 4.325 4.258 1.818 0.305 
2-lo0-Hl4 2.372 2.742 4.313 4.242 1.814 0.309 
2-1.0-Hl5 2.497 2.740 4.316 4.237 1.190 0.361 I-' I-' 
0 
TABLE VII (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Differential Differential 
Run Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple 
Number (Millivolts) (Millivolts) · (Millivolts) (Millivolts) (Millivolts) (Milli vol~ 
2-1.0-H16 2.539 2.696 4.283 4.188 0.790 0.404 
2-1.0-H17 2.654 2.758 4.186 4.101 0.587 0.397 
2-1.0-H18 2.508 2.750 4.303 4.230 1.200 0.348 
1-1.0-Hl 2.156 2. 723 40239 4.133 2.839 0.567 
1-LO-H2 2.221 2.572 4.064 3.973 1. 741 0.567 
1-LO-H3 2.381 2.635 4.118 4.021 1.216 0.596 
1-1.0-H4 2.397 2.587 4.152 4.032 0.948 0.632 
1-1.0-H5 2.382 2.558 4.162 4.044 0.818 0.678 
l-1.0-H6 2.312 2.542 4.202 4.072 1.159 0.663 
1-1.0-H7 2.217 2.571 4.265 4.146 1. 762 0.641 
1-1.0-HS 2.043 2.656 4.362 4.247 3.032 0.607 
1-1.0-Cl 2.817 2.518 1. 752 1.768 -L317 -0.133 
l-LO-C2 2.851 2.647 1. 798 1.828 -0.877 -0.154 ..... ..... ..... 
TABLE VII (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Differential Di:f:ferential 
. Run Xhermocouple ·Thermocouple Thermocouple Thermocouple Thermocouple Thermocouple 
.N~ml>_~r_ (MillivoJ.~~ (Millivolts) (Millivolts) (Millivolts) (Millivolts) · (Millivolts) 
1-l.0-C3 2.817 2.677 1.829 1.860 -0.563 -0.168 
1-1.0-C4 2.813 2.697 1.825 1.858 -0.460 -0.180 
l-1.0-C5 2.735 2.640 1.805 1.837 -0.358 -0.178 
1-l.0-C6 3.011 2.694 1.857 1.886 -1.402 -0.137 
1-0.5-Hl 2.045 2.632 4.143 4.032 2.928 0.569 
l-0.5-H2 2.174 2.574 4.196 4.072 2.045 0.639 
l-0.5-H3 2.363 2.627 4.206 4.084 1.377 0.644 
1-0.5-H4 2.354 2.565 4.180 4.050 1.101 0.671 
l-0.5-H5 2.338 2.520 4.132 4.002 0.937 0.678 
l-0.5-H6 1.987 2.592 4.262 4.147 3.047 0.602 
1-0.5-Cl 2.959 2.656 1.842 1.872 -1.477 -0.141 
l-0"5-C2 2.815 2.618 l.805 1.837 -0.902 -0.152 






Run Thermocouple Thermocouple 
Number (Millivolts) (Millivolts) 
l-0.5-C4 2.781 2.672 
1-0.5-C5 2.757 2.667 
1-0.5-C6 3.019 2.682 



























HEAT TRANSFER RUN FLOW RATE AND MANOMETER DATA 
CMC 
CMC Solution Water 
Solution Water Tube Bank Orifice Orifice CMC 
Flow Flow Tube Bank Manometer Manometer Manometer Solution 
Run Rate Rate Manometer Differential Differential Differential Sample 
Number (lb. /hr.) (lb./hr&) Fluid (in.) (in.) (in.) Number 
3-LO-Hl 2494 27000 CC14 8.62 0.70 24.4 1 
3-l.0-H2 6857 27000 CCl-4 18.10 4.10 24.4 1 
3-l.0-H3 2523 27000 CC14 5.18 0.70 24.4 1 
3-LO-H4 7027 27000 CC14 14.68 3.90 24.4 1 
3-LO-H5 10980 27000 CC14 20.46 9.24 24.4 1 
3-l.O-H6 2567 27000 CC14 5.91 0.99 24.4 1 
3-1.0-Cl 10657 27000 CC14 17.10 8.79 24.4 2 
3-LO-C2 7917 27000 CC14 12.51 4.50 24.4 2 
3-l.0-C3 5455 27000 CC14 8.57 2.33 24.4 2 
3-LO-C4 2569 27000 CC14 4.53 0.82 24.4 2 
3-LO-C5 10831 27000 CC14 16.42 8.85 24.4 2 .... .... 
3-1.5-Hl 13490 27000 CC14 x 13.70 24.4 12 ~ 
TABLE VIII {Continued) 
CMC 
CMC Solution Water 
Solution Water Tube Bank Orifice Orifice CMC 
Flow Flow Tube Bank Manometer Manometer Manometer Solution 
Run Rate Rate Manometer Differential Differential Differential Sample 
Number (lbo /hr.) (lb./hr.) Fluid {in.) {in.) (in.) Number 
3-1. 5-H2 11370 27000 CC14 x 9.68 24.4 13 
3-1~5-H3 9746 27000 CCl4 48.85 7.17 24.4 14 
3-1.5-H4 7007 27000 CCl4 38.80 3.54 24.4 15 
3-1.5-H5 2593 27000 CCl4 x 0.45 24.4 16 
3-l.5-H6 10619 27000 TBE 11.88 8.42 24.4 1819 
3-1.5-H7 2586 27000 TBE 4.17 0.44 24.4 1819 
3-1.5-H8 4966 27000 TBE 6.09 1.85 24.4 20 
3-1.5-H9 3744 27000 TBE 6.65 0.93 24.4 21 
3-L5-H10 2569 27000 TBE 5.06 0.39 24.4 22 
3-1.5-Hll 2570 22400 TBE 5.27 0.41 15.6 2324 
3-L5-H12 6517 19050 TBE 10.16 3.30 9.9 2324 
2-1. 0-Hl 2610 27000 CC1 4 x 0.35 22.3 25 ..... 
..... 
2-LO-H2 7520 27000 CC14 18.85 3.90 21.5 26 
v, 
TABLE VIII (Continued) 
CMC 
CMC Solution Water 
Solution Water Tube Bank Orifice Orifice CMC 
Flow Flow Tube Bank Manometer Manometer Manometer Solution 
Run Rate Rate Manometer Differential Differential Differential Sample 
Number (lb. /hr.) (lb. /hr.) ~Flui_!i~ (in.) (in.) (in.) Number 
2-1.0-H3 2600 27000 CC14 6.60 0.44 21.6 27 
2-l.O-H4 9750 27000 CC14 19.55 6. 72 22.1 28 
2-1.0-H5 4990 27000 CC14 8.88 L94 20.8 29 
2-1.0-H6 8470 27000 CC14 13.88 5.13 21.1 3031 
2-1.0-H7 2590 27000 CC14 5.40 0.59 21.1 3031 
2-1.0-Cl 5730 27000 CC14 10.25 2.20 20.9 3235 
2-l.O-C2 2550 27000 CC14 5.06 0.49 20.9 3235 
2-1.0-C3 8220 27000 CC14 13.97 4.65 20.9 3235 
2-1.0-C4 9970 27000 CC14 15.64 7.25 20.6 3235 
2-1.0-C5 4380 27000 CC14 5.61 1.29 20.8 3637 
2-LO-C6 2540 27000 CC14 3.25 0.50 20.7 3637 
2-0.5-Hl 2590 27000 CC14 3.89 0.17 20.7 3941 
....... 
2-0.5-H2 4991 27000 CC14 7.11 1.50 20.7 3941 
....... 
°' 
TABLE VIII (Continued) 
CMC 
CMC Solution Water 
Solution Water Tube Bank Orifice Orifice CMC 
Flow Flow Tube Bank Manometer Manometer Manometer Solution 
Run Rate Rate Manometer Differential Differential Differential Sample 
Number (lb./hr.) (lb. /hr.) Fluid (in.) (in.) (in.) Number 
2-0.5-H3 6788 27000 CC14 8.91 3.17 20.7 3941 
2-0.5-H4 8136 27000 CC14 7.83 4.76 22.9 42 
2-0.5-H5 10670 27000 CC14 9.89 8.33 22.8 4344 
2-0.5-H6 2556 27000 CC14 2.18 0.49 22.8 4344 --
2-0.5-Cl 2490 27000 CC14 1.69 0.60 22.8 45 
2-l.0-H8 2615 27000 CC14 10.10 0.43 22.6 4647 
2-1.0-H9 5511 27000 CC14 17.87 2.03 22.6 .4647 
2-1.0-HlO 8546 27000 CC14 21. 72 4. 77 22.8 4850 
2-1.0-Hll 10490 27000 CC14 24.60 7.64 22.8 4850 
2-1.0-H12 2599 27000 CC14 6.95 0.80 22.8 4850 
2-1. 0-H13 2600 14750 CC14 5.90 0.86 6.6 51 
2-LO-Hl4 2610 13940 CC14 5.63 0.85 6.0 5256 ..... ..... 
2-LO-Hl5 4385 13940 CC14 8.81 1.70 6.0 5256 
...... 
TABLE VIII (Continued) 
CMC 
CMC Solution Water 
Solution Water Tube Bank Orifice Orifice CMC 
Flow Flow Tube Bank Manometer Manometer Manometer Solution 
Run Rate Rate Manometer Differential Differential Differential Sample 
Number {lbo/hi"o}. (lb. /hr.) Fluid (in.) (in.) (in.) Number 
2-1.0-Hl6 7552 13940 CCl4 14.86 4.05 6.0 5256 
2-1.0-H17 10040 13940 CCl4 18.97 6.89 6.0 5256 
2-1.0-H18 4278 13940 CCl4 8.09 1.68 6.0 5256 
1-1.0-Hl 2619 13400 CCl4 10.87 0.48 6.0 5860 
l-1.0-H2 4274 13400 CCl4 14.57 1.40 5.9 5860 
1-LO-H3 6480 13400 CCl4 19.58 3.02 5.9 5860 
1-LO-H4 8969 13400 CCl4 22.83 5.86 5.7 6163 
1-LO-H5 11120 13400 CCl4 25.85 9.16 5.7 6163 
1-1.0-H6 7428 13400 CCl4 18042 4.24 5.7 6163 
1-l.0-H7 4764 13400 CCl4 lZ.07 2 .• 00 5.7 6465 
1-1.0-H8 2613 13400 CCl4 7.13 0.56 5.7 6465 
1-1.0-Cl 2555 27000 CCl4 5.70 0.68 23.2 6667 
I-' 
I-' 
1-l.0-C2 4257 27000 CCl4 8.15 1.50 23.2 6667 (X) 
~ABLE VIII (Continued) 
CMC 
CMC Solution Water 
Solution Water Tube Bank Orifice Orifice CMC 
Flow Flow Tube. Bank Manometer Manometer Manometei:: Solution 
Run Rate Rate Manometer Differential Differential Differential Sample 
Number (lb./hr.) (lb./hr.) Fluid· (in.) (in.) (in.) Number ~~---
l-l.0-C3 6572 27000 CCl4 12.24 3.20 23.2 6869 
l-l.0-C4 8394 27000 CCl4 15.70 5.10 23.2 6869 
l-l.O-C5 10240 27000 CCl4 ··· 18.55 7.42 23.2 7071 
l-1.0-C6 2542 27000 CCl4 4.79 0.80 23.2 7071 
1-0.5-Hl 2607 13400 CCl4 8.38 0.60 6.0 73 
l-0.5-H2 4143 13400 CCl4 12.50 1.38 6.0 74 
1-0.5-H3 6410 13400 CCl4 14.99 3.06 6.0 7576 
l-0.5-H4 8502 13400 CCl4 18.86 5.34 6.0 7576 
1-0.5-H5 10080 13400 CCl4 20.44 7.42 5.9 7778 
l-0.5-H6 2571 13400 CCl4 6.38 o. 72 5.9 7778 
1-0.5-Cl 2525 27000 CCl4 3.48 0.70 23.3 8081 
l-0.5-C2 4334 27000 CCl4 5.38 l.50 23.3 8081 
..... ..... 
l-0.5-C3 6204 27000 CCl4 7.73 3.04 23.3 8283 \0 
TABLE VIII (Concluded) 
CMC 
Solution Water Tube Bank 
Flow Flow Tube Bank Manometer 
Run Rate Rate Manometer Differential 
Number (lb. /hr.) (lb./hr.) Fluid (in.) 
l-0.5-C4 8410 27000 CC14 10.70 
1-0~5-C5 10162 27000 CC14 12.66 
1-0.5-C6 2514 27000 CCl4 3.-13 
x - Reading not obtained due to manometer difficulties 
CC14 - Carbontetrachloride 




























A P P E N D I X E 
C A L C U L A T E D R E S U L T S F O R 
H E A T T R A N S F E R R U N S 
121 
TABLE IX 
CALCULATED TEMPERATURE DATA FOR HEAT TRANSFER RUNS 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Temperature Temperature 
Run Temperature Temperature Temperature Temperature Change Change 
Number (OF) (OF) (OF) (OF) (OF) (OF) 
3-1.0-Hl 104.6 117.7 150.0 150.2 13.1 -0.747 
3-1.0-H2 111.6 117.7 150.1 149.9 6.09 -0.977 
3-1.0-H3 103.9 117.2 149.8 149.6 13.3 -0.814 
3-1.0-H4 110.4 116.4 148.8 148.5 6.06 -1.022 
3-l.0-H5 112.6 117.1 150.2 149.9 4.48 -1.106 
3-1.0-H6 102.4 115.2 148.8 147.7 12.8 -0.803 
3-1.0-Cl 110. 7 109.8 90.4 91.4 -0.940 0.795 
3-1.0-C2 110.8 109.5 91.1 92.1 -1.32 0.704 
3-1. O-C3 110.5 108.5 90.5 91.3 -2.03 0.652 
3-1.0-C4 109.5 105.6 89.8 90.5 -3.97 0.515 
3-L0-C5 107.4 106.5 89.8 90.8 -0.894 0.675 
3-1.5-Hl 126.0 128.0 155.4 153.4 1.27 -0.943 I-' 
N 
N 
TABLE IX (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Temperature Temperature 
Run Temperature Temperature Temperature Temperature Change Change 
Number (OF) (OF). (OF) (OF)·. (OF) (OF) 
3-l.5-H2 123 .. 4 126.0 152.2 150.2 1.69 -0.876 
3-1.5-H3 12L6 124.3 151.1 149.0 2.54 -0.820 
3-l.5-H4 122.1 125.6 153.6 151.3 3.17 -0.814 
3-1.5-H5 117.9 124.2 154.7 153.1 5.10 -0.584 
3-1.5-H6 121.9 122.0 154.6 157.6 x -0.932 
3-l.5-H7 111.2 120.8 148.6 148.8 4.26 -0.606 
3-l.5-H8 120.2 127.0 155.5 154.7 2.86 -0.797 
3-1.5-H9 123.6 132.0 159.4 158.7 3.48 -0.797 
3-1.5-HlO 120.0 133.1 163.5 163.6 5.06 -0.764 
3-1.5-Hll 119.5 133.0 164.7 164.3 4.65 -1.09 
3-1.5-H12 127.4 132.4 165.8 165.5 2.01 -1.70 
2-1.0-Hl llLl 119.4 152.2 151.4 7.14 -0.674 
2-1.0-H2 116.9 120.7 151.9 150.9 3.27 -0.817 ..... N 
w 
TABLE IX (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Temperature Temperature 
Run Temperature Temperature Temperature Temperature Change Change 
Number (OF) (OF) (OF) (OF) (OF) (OF) 
2-1.0-H3 107.3 116.7 152.2 15.14 7.81 -0.751 
2-1.0-H4 115.5 118.7 151.5 150.3 2.89 -1.04 
2-1.0-H5 110.9 117.0 154.6 153.3 5.15 -0.981 
2-1.0-H6 112.9 116.9 151.5 150.3 3.05 -1.11 
2-1.0-H7 103.7 114.9 156.1 155.0 7.56 -0.943 
2-1.0-Cl 118.1 114.6 86.2 87.1 -2.11 0.743 
2-1.0-C2 123.3 116.5 86.7 87.5 -4.00 0.590 
2-l.0-C3 116.2 113.7 89.2 90.0 -1.31 0.732 
2-1.0-C4 121.3 118.6 88.0 89.0 -1.54 1.02 
2-1. 0-C5 126.9 122.0 89.9 90.8 -2.97 0.791 
2-LO-C6 123.1 116.8 89.9 90.5 -3.70 0.561 
2-0.5-Hl 99.3 110.9 154.0 153.1 7.39 -0.948 
2-0.5-H2 104.0 111.6 153.1 151.8 4.54 -1.14 ...... N 
.p. 
TABLE IX (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Temperature Temperature 
Run Temperature Temperature Temperature Temperature · Change Change 
Number {_~~ ~ (°F) (OF) (OF) (OF) (OF) 
2-0.5-H3 107.4 112.9 154.3 152.9 3. 70 -1.23 
2-0.5-H4 108.3 113.6 155.0 153.4 3.33 -1.36 
2-0.5-H5 109.4 113.9 154.0 152.4 2.93 -1.52 
2-0.5-H6 97.8 110.4 157.5 156.2 8.04 -1.06 
2-0.5-Cl 122.0 115.8 85.9 86.8 -4.21 0.631 
2-1.0-H8 106.2 116.0 152.5 151.6 9.75 -0.767 
2-1.0-H9 111.4 116.5 150.6 149.5 5.23 -0.877 
2-1.0-HlO 116.4 120.3 155.2 154.1 3.94 -1.04 
2-1.0-Hll 116.9 120.2 154.5 153.3 3.25 -1.06 
2-1.0-H12 105.4 116.0 156.8 155.9 10.6 -0.860 
2-1.0-H13 103.5 113.7 157.9 156.0 10.3 -1.67 
2-l.0-H14 103.2 113.6 157.6 155.6 10.3 -1.69 
2-1.0-HlS 106.7 113.5 157.6 155.4 6.75 -1.98 .... N 
Vt 
TABLE IX (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Temperature Temperature 
Run Temperature Temperature Temperature Temperature Change Change 
Number (OF) (OF) (OF) (OF) (OF) (OF) -
2-1.0-H16 107.9 112.3 156.7 154.1 4.48 -2.21 
2-1.0-H17 111.1 114.0 154.0 151.6 3.33 -2.18 
2-1.0-H18 10700 113.8 157.3 155.2 6.80 -1.91 
1-1.0-Hl 97.2 113.0 155.5 152.5 16.1 -3.10 
1-1.0-H2 99.0 108.8 150.6 148.0 9.87 -3.10 
1-1.0-H3 103.5 110.6 152.1 149.4 6.89 -3.26 
1-1.0-H4 103.9 109.2 153.1 149.7 5.38 -3.46 
l-1.0-H5 103.5 108.4 153.3 150.0 4.64 -3. 71 
1-1.0-H6 101.5 108.0 154.5 150.8 6.57 -3.63 
1-1.0-H7 98.9 108.8 156.2 152.9 9.99 -3.51 
1-1.0-H8 94.0 111.2 158.9 155.7 17.2 -3.32 
1-LO-Cl 115.7 107.3 85.6 86.3 -7.56 0.765 
1-1.0-C2 116.6 110.9 87.1 88.0 -5.03 0.886 I-' N 
a, 
TABLE IX (Continued) 
CMC CMC CMC 
Solution Solution Water Water Solution Water 
Inlet Outlet Inlet Outlet Temperature Temp~rature 
Run Temperature Temperature Temperature Temperature- Change Change 
Number (OF) (OF) (OF) {°F) (OF) (OF) 
l-l.0-C3 115.7 111.8 88.0 88.9 -3.23 0.966 
l-1.0-C4 115.6 112.3 87.9 88.8 -2.64 1.04 
l-l.O'"".C5 113.4 110.7 87.3 88.2 -2.05 1.02 
l-1.0-C6 121.1 112.2 88.8 89.6 -8.05 0.788 
1-0.5-Hl 94.1 110.5 152.8 149.7 16.6 -3.11 
l-0.5-H2 97.7 108.9 154.3 150.8 11.6 -3.50 
l-0.5-H3 103.0 110.4 154.6 151.2 7.81 -3.52 
1-0.5-H4 102.7 108.6 153.8 150.2 6.24 -3.67 
l-0.5-H5 102.3 107.4 152.5 148.9 5.31 -3.71 
l-0.5-H6 92.4 109.4 156.1 152.9 17.3 -3.29 
1-0.5-Cl 119.7 111.2 88.4 89.2 -8.48 0.811 
l-0.5-C2 115.6 110.1 87.3 88.2 -5.18 0.874 




TABLE IX (Concluded) 
CMC CMC 
Solution Solution Water Water 
Inlet Outlet Inlet Outlet 
Run Temperature Temperature Temperature Temperature 
Number (OF) (OF) (OF) (OF) 
1-0.5-C4 - . 1140-7 :. 111.6 89.0 90.0 -· -- ~ ·-
1-0.5-C5 114.0 111.5 89.4 90.4 
1-0.5-C6 121.3 111.9 86.6 87.5 




















CALCULATED HEAT TRANSFER COEFFICIENTS AND PRESSURE DROP 
FOR HEAT TRANSFER RUNS 
CMC 
Q Q Log Overall Water Solution Tube 
Maximum Based on Based on Mean Heat Heat Heat Bank 
Velocity, CMC Sol. Water Delta Transfer Transfer Transfer Pressure 
Run Vm T T T Coefficient Coefficient Coefficient Drop 
Number (ft./sec.) (Btu/hr.) (Btu/hr.) (OF) (Btu/hr. ft. 2 °F) (Btu/hr. ft. 2 °F) (Btu/hr. ft. 2 °F) (lb.f/ft. 2) --
3-1.0-Hl 0.318 32700 -20700 -38.6 174 1632 151 26.4 
3-l.0-H2 0.874 · 41500 -26900 -35.3 247 1631 204 39.0 
3-l.0-H3 . 0.322 33400. -22500 -38.8 188 1631 162 15.9 
3-l.O-H4 0.896 42300 ,-28100 -35.2 259 1627 212 45.0 
3-l.O-H5 1.400 48300 -30400 -35.2 280 1632 226 62.7 
3-l.O-H6 0.327 32900 -22200 -38.5 187 1621 161 18.1 
3-1.0-Cl .1.36 -10800 20900 19.3 350 1409 261 52.4 
3-l.O-C2 1.01 -10900 18500 18.6 322 1411 245 38.3 
3-l.O-C3 0.695 -.11200 17100 18.6 296 1409 229 26.3 
3-l.0-C4 0.328 -10200 13400. 17.3 249 1406 200 13.9 
3-l.0,-C5. 1.38 -10600 17700 16.7 343 1406 256 50.3 
3-1.5-Hl 1. 72 15600 .. -26000 -27.4 307 1647 244 x 
3-'-l.5-H2 1.45 18200 ·-24200 -26.5 295 1637 236 x 




t~~ x (Conti~µ~4) 
CMC 
Q Q Log Overall :Water Solution Tube 
Maximum Based ~'1 . »~ed i;m Hean Heat Heat Heat Bank 
Velocity, CMC Sol. :Water Delta Transfer Transfer Transfer Pressure 
Run Vm T T T Coefficient Coefficient Coefficient Drop 
Number (ft./sec.) (Btu/hr.) (Btu/hr.) (°F) (Btu/hr. ft. 2 °F) (Btu/hr. ft. 2 °F) (Btu/hr. ft. 2 •F) . (lb. f/ft. 2) -
3-l.5-H4 0.893 21900 -22500 -28.5 255 1639 210 119 
3-l.5-H5 0.331 13200 -16300 -32.8 161 1645 142 x 
3-l.5-H6 1.36 xx -25700 -34.1 244 1653 202 121 .. 
3-l.5-H7 0.330 11000 -16900 -32.5 168 1628 147 42.3 
3-l.5-H8 0.633 14100 ... inoo .-31.4 227 1649 191 61..8 
3-l.5-H9 0.477 13000 -22100 -31.0 230 1665 193 67.5 
3-1.5-HlO 0.328 13000 -21200 -36.6 187 1685 162 51.3 
3;..1.5-llll 0.328 11900 .. 25000 .. ,7,f:l 213 1483 15§ .53.5 
3-l.5-Hl2 ·0.831 12900 -32700 ,....,5.7 296. 1328 226 ;l.03 
2-1.0-Hl ·o.501 18300 -18700 =)6,,1; 175 1641 i52 .c: 
\'} 
2-l.O-H2 1~44 24500. -22600 .. 32.6 236 1640 197 5'1.S 
2-1.0-B3 0.499 20300 -20800 ,..39. '7 178 1641 15§ ~.a 
2-1.0-114 1.8.7 27500 ·. . -28500 =)3.8 287 1638 2n 59.9 
2-J..O-H5 0.957 25600 -27000 -40.0 230 1649 193 27.2 
2-1.0-I:J.6 1.62 25400 -30600 ... ~,5.9 290 1638 i;n 42.5 
2-l.O-H7 0.497 19600 -26000 =-lt6.l 192 1655 165 16.6 




TABLE X (Continued) 
CMC 
Q Q Log Overall Water Solution Tube 
Maximum Based on Based on Mean Heat Heat Heat Bank 
Velocity, CMC Sol. Water Delta Transfer Transfer Transfer Pressure 
Run Vm T T T Coefficient Coefficient Coefficient Drop 
Number (ft./sec.) (Btu/hr.) (Btu/hr.) (OF) (Btu/hr. ft. 2 °F) (Btu/hr. ft.2 °F) (Btu/hr. ft.2 °F) (lb. f/ft. 2) -- --
2-l.0-C2 0.489 -10200 15400 32.7 160 1396 138 15.5 
2-l.0-C3 1.58 -11200 19200 25.3 258 1407 206 42.8 
2-l.0-C4 1.91 -16000 27000 31.5 292 1402 227 47.9 
2-l.0-C5 0.840 ....:13100 20800· 34.0 208 1410 173 17.2 
2-1.0-C:6 0.487 -9400 14600 29.7 167 1409 144 9.96 
2-0.5-Hl 0.497 19000 ..;.26100 -48.3 184 1647 159 11.9 
2-0.5-H2 0.957 22600 -31300 -44.6 239 1644 199 21.8 
2-0.5-'-H3 1.30 · 24900 -33800 -43.4 : 265 1648 217 27.3 
2-0.5-H4 1.56 26700 -37400 -43.2 294 1650 236 24.0 
2-0.5-HS 2.05 30500 -41700 -41.5 341 1646 265 30.3 
2-0.5-H6 0.490 20500 -29100 -52.5 188 1660 163 6.68 
2-0.5-Cl 0.478 -10500 16500 32.5 173 1393 147 5.18 
2-l.0-H8 0.501 25500 -21300 -40.8 177 1642 154 31.0 
2-l.O-H9 1.06 28700 -24200 -36.1 228 1636 191 54.8 
2-1.0-HlO 1.64 33200 -28700 -36.3 269 1651 219 66.6 
2-1.0-Hll 2.01 33200 -29200 -35.3 281 1649 228 75.4 
2-l.O-Hl2 0.498 27600 -23800 -45.5 178 1658 155 21.3 .... 
\.;.) .... 
TABLE X (Continued) 
CMC 
Q Q Log Overall Water Solution Tube 
Maximl.Dll Based cin Based on Mean Heat Heat Heat Bank 
Velocity, CMC Sol. Water Delta Transfer Transfer Transfer Pressure 
Run Vm T T T Coefficient Coefficient Coefficient Drop 
Number (ft. /sec.) (Btu/hr.) (Btu/hr.) (OF) (Btu/hr. ft. 2 °F) (Btu/hr. ft. 2 °F) (Btu/hr. ft. 2 °F) (lb.f/ft. 2 ) --
2-1.0-H13 0.336 26800 -24800 -48.2 175 1087 143 18.1 
2-l.O-H14 0.337 26800 -23800 -48.1 168 1044 138 17.3 
2-1.0-H15 0.566 29500 -27800 -46.4 204 1044 161 27.0 
2-1.0-H16 0.976 33500 -31000 -45.3 233 1041 178 45.6 
2-1.0-1U7 1.30 32700 -30500 -40.2 258 1035 192 58.2 
2-1.0-H18 0.553 29000 -26800 ..:45.8 199 1044 157 24.8 
1-1.0-Hl 0.463 42100 -41700 -48.6 258 1010 191 33.3 
1.:.1.o-H2 0.755 42100 -41700 -45.3 276 1000 200 44.7 
1-l.O-H3 1.14 44500 -43800 -43.7 301 1003 213 60.0 
l,-1.0-H4 - 1.58 47600 -46500 -44.8 312 1004 218 70.0 
1-1.0-HS 1.96 50600 -49800 -45.7 327 1005 226 79.2 
1~1.0-H6 - 1.31 48500 -48700 -47.9 306 1007 216 56.5 
1-1.0-H7 0.842 47500 -47100 -50.7 279 1011 202 37.0 
l-l.O-H8 0.462 44900 -44600 -54.4 246 1018 185 21.9 
1-1.0-Cl 0.451 -19300 20100 25.2 240 1392 194 17.5 
1-1.0-C2 0.752 -21500 23400 26.1 269 1399 212 25~0 
1-l.0-C3 1.16 -21500 25600 25.2 304 1402 234 37.5 ...... 
w 
l-1.0-C4 1.48 -22600 27400 25.6 322 1402 244 48.1 
N 
TABLE X (Concluded) 
Q q· Log Over ail 
Maximum Based on Based on Mean Heat 
Velocity,. . CMC Sol.. Water Delta Transfer . 
Run Vni . T 't T Coefficient 
· Number (ft./sec.) . (Btu/hr.) (Btu/hr.) . (°F) (Btu/hr. ft. 2 °F) -
1--1.o-c5. 1~81 --21800 27100 24.3 336 
. l--l.O--C6 o·.449 --20500 20800 27.3 228 
1--0.5--Hi 0~461 .. · 43300 --41900 --48ii 258 
1-o.5.,.;H2 . o. 732 48000 -47000 -:49.2 287 
l-0.5-H3 .l.l.3. 49800 .· ..;47400 '.""46.2 -308 . 
l-0.5-H4 1.50 . _ 52600 -49300. ·-46.3 320 
1-0.~HS 1~78 '52800 -:49800 ·.· -45.9 326 
l.-0.5-H6 0.454 44400' -~4300 -.53.3 249 
1-0.5-Cl 0.446 -21400 21400 .26.4 243 ·. 
l-0 .• 5-C2 0.766 -:-22500 23100. · 25.0 277 
1-0.5-C:3 1.10 ..;23000 24200 24.2 300· 
1-0.5-C:4 1.49 -23900 26000 23.7 330 
t · .l-0.5-C5 1.80 .·-,24300 ., 26200 22.8 345 
l-0.5-C6 C.44_4 -23500 22800 . 29.4 233 
x - Pressure drop not measured due to manometer failure 





Coefficient · Coefficient: 







































RHEOLOGICAL PROPERTIES AND REYNOLDS NUMBERS FOR 
HEAT TRANSFER RUNS 
Average 
CMC Apparent True 
Solution Shear Shear Gamma Apparj!nt Modified 
Run Temperature Rate Rate (8!!!·-sec.n!-2) _ Viscosity Reynolds 
Number (OF) (sec~- 1) (sec.-1) ·N Prime cm (Centi poise) Number 
3-1.0-Hl 111.8 81.4 87.9 0.758 1.49 85.1 10.8 
3-1.0-H2 114.6 224 241 0.763 1.41 63.7 39.5 
3-1.0-H3 110.6 82.3 89.0 0.757 1.51 85.5 10.8 
3-l.O-H4 113.4 229 247 0.761 1.44 64.3 40.2 
3-l.0-H5 114.8 358 386 0.763 1.40 56.8 70.9 
3-1.0-H6 108.8 83.8 90.6 0.754 1.55 87.2 10.9 
3-1.0-Cl 110.3 348 368 0.815 0.854 42.4 91.8 
3-l.O-C2 110.2 258 273 0.814 0.856 44.9 64.6 
3-l.0-C3 109.5 178 188 0.813 0.868 48.6 41.3 
3-l.0-C4 107.5 83.8 88.7 0.809 0.908 57.9 16.7 
3-1.0-CS 107.0 353 375 0.807 0.921 44.4 89.8 .... l,J 
.i:,,.. 
TABLE XI (Continued) 
Average 
CMC Apparent True 
Solution Shear Shear Gamma Apparent Modified n'-2 Run Temperature Rate Rate p~m. -sec. ) Viscosity Reynolds 
Number (OF) (sec. -l) (sec. -l) N Prime cm· (Centipoise) Number 
3-1.5-Hl 127.0 440 509 0.615 6.26 134 36.7 
3-1.5-H2 .· 125.1 371 432 0.605 6.70 147 28.4 
3-1.5-H3 123.0 318 370 0.603 6.89 160 22.5 · 
3-1.5-H4 123.9 229 264 0.615 6.43 177 14.5 
3-1.5-H5 121.0 84.6 98.0 0.613 6.80 273 3.47 
3-1.5-H6 122.0 347 385 0.693 3.65 115 33.7 
3-1.5-H7 116.0 84.4 94·_3 0.681 4.18 197 4.80 
3-1.5-H8 123.6 162 180 0.693 3.63 144 12.5 
3-1.5-H9 127.8 122 139 0.642 5.75 217 6.22 
3-1.5-HlO 126.5 83.8 95.3 0.649 5.88 258 3.58 
3-1.5-Hll 126.2 83.9 95.1 0.651 5.88 259 3.66 
3-1.5-H12 129.9 213 240 g,.659 5.43 177 13.4 
2-1.0-Hl 115.2 128 140 o. 722 1.34 61.9 23.2 ..... w 
lJ1 
TABLE XI (Continued) 
Average 
CMC Apparent True 
Solution Shear Shear Gamma Apparent Modified 
Run Temperature Rate Rate· p~m.-sec.n'-2) Viscosity. Reynolds 
Number (°F) (sec~-1 ) (sec.~ N Prime . cm· (Centipoise) Number 
2-l.0-H2 118.8 369 397 0.765 1.08 43.9 96.2 
2-l.0-H3 112.0 128 136 0.787 0.983 54.5 26.3 
2-1.0-H4 117.t 479 510 0.794 0.875 35.7 142 
2-1.0-HS 113.9 245 259 0.808 · 0.786 40.7 68.2 
2-1.0-H6 114.9 416 438 0.826 0.697 35.0 134 
2-1.0-H7 109.3 127 134 0.818 o. 773 46. 7 30. 7 
2-1.0-Cl 116.3 281 295 0.841 0.604 34.2 93.7 
2-l.0-C2 119.8 125 131 0.844 0.570 37.1 37.7 
2-LO-C3 114.9 404 423 0.839 0.617 32.9 138 
2-l.0-C4 119.9 489 512 0.844 0.569 29.9 183 
2-LO-C5 124.4 215 222 0.880 0.444 29.9 79.6 
2-1.0-C6 120.0 125 129 0.875 0.480 34.1 41.1 
2-0.5-Hl 105.1 127 134 0.821 0.393 24.0 59.8 I-' w 
(7\ 
TABLE XI (Continued} 
Average 
CMC Apparent True 
Solution Shear Shear Gamma Apparent Modified n'-2 Run Temperature Rate Rate (gm.-sec. ) Viscosity Reynolds 
Number (OF) (sec.- 1) (sec.- 1) N Prime cm (Centipoise) Number 
2-0.5-H2 107.8 245 258 0.826 0.373 20.6 133 
2-0.5-H3 110.1 333 356 0.830 0.357 19.0 197 
2-0.5,,..H4 111.0 399 417 0.849 0.323 17.9 252 
2-0.5-HS 111.6 524 540 0.890 0.212· 13.4 439 
2-Q.5-H6 104.1 125 130 0.885 0.235 17.1 82.5 
2-0.5-Cl 118.9 122 124 0.939 0.149 12.6 110 
2-l.0-H8 111.1 128 140 0. 726 · 1. 77 82.5 17.5 
2-l.O-H9 114.0 271 296 o. 729 1.69 65.0 46.7 
2-1.0-HlO 118.3 420 454 0.754 1.26 47.4 98.8 
2-1.0-Hll 118.5 515 557 0.754 1.25 45.0 129 
2-LO-Hl2 110. 7 128 138 0.745 1.42 70.0 30.6 
2-l.0-Hl3 108.6 86.0 91.8 0.788 1.02 61.9 23.1 
2-l.0-Hl4 108.4 86.3 92.4 o. 779 1.05 62.3 23.2 ...... w 
........ 
TABLE XI (Continued) 
Average 
CMC Apparent True 
Solution Shear Shear Gamma Apparent Modified 
Run Temperature Rate Rate (&!!!·-s:.n'-2) Viscosity Reynolds 
Number (OF) (sec~ - 1) (sec. - 1) N Prime (Centipoise) -1i!:!!!!ber 
2-1.0-H15 110.1 145 155 0.781 1.02 54.1 44.7 
2-1.0-H16 110.1 250 267 0.781 1.02 48.1 85.5 
2-l.0-Hl7 112.6 332 355 0.784 .0.976 43.6 126 
2-l.0-H18 110.4 141 151 0.781 1.01 54.2 43.5 
1-1.0-Hl 105.1 118 126 0.796 1.01 58.4 22.3 
l-1.0-H2 103.9 193 206 0.794 1.04 53.9 40.4 
1-1.0-H3 107.0 293 312 0.799 0.973 47.2 69.2 
1-1.0-H4 106.6 406 428 0.818 0.791 38.6 118 
l-1.0-H5 106.0 503 531 0.817 0.800 37.5 151 
1-l.0-H6 104.8 336 355 0.815 0.818 41.0 92.2 
l-l.0-H7 103.8 215 219 0.802 0.960 50.1 48.3 
1-l.0-H8 102.6 118 126 0.801 0.985 57.6 22.9 
1-1.0-Cl 111.5 116 120 0.862 0.535 36.9 35.7 ..... \,.) 
00 
TABLE XI (Continued) 
Average 
CMC Apparent True 
Solution Shear Shear Ganuna Apparent Modified n'-2 Run Temperature Rate Rate (gm.-sec. ) Viscosity Reynolds 
Number (OF) (sec~-1) (sec~.:.,.1) · N Prime cm (Centi poise) Number 
l-1.0-C2 113.8 193 200 0.865 0.510 33.2 65.5 
l-1.0-C3 113.7 297 310 0.856 0.534 31.7 105 
1-1.0-C4 113.9 380 396 0.856 0.532 30.5 139 
1-1.0-C5 112.1 463 479 0.877 0.448 27.2 192 
1-1.0-C6 116.7 115 119 0.883 0.409 29.9 42.6 
1-0.5-Hl 102.3 118 125 0.809 0.600 . 35.9 37.5 
l-0.5-H2 103.3 187 204 0.737 1.11 48.4 43.4 
1-0.5-H3 106.7 290 311 o. 774 0.786 34.9 93.6 
1-0.5-H4 105.7 385 413 o. 772 0.800 33.1 131 
l-0.5-H5 104.8 456 490 0.767 0.803 31.3 164 
1-0.5-H6 100.9 116 125 0.761 0.864 45.6 28.6 
1-0.5-Cl 115.4 114 120 0.838 0.343 22.3 56.7 




TABLE XI (Concluded) 
Average 
CMC Apparent True 
Solution Shear Shear 
Run Temperature Rate Rate 
Number (OF) (sec.-1) (sec.- 1) N Prime 
1.0.5-C3 112.3 281 288 0.900 
1-0.5-C4 113.4 380 391 0.901 
1-0.5-CS 112.7 460 477 0.868 
1-0.5-C6 116.6 114 118 0.874 
Gamma Apparent 
n'-2 

















SEIDER-TATE NONISOTHERMAL CORRECTION FACTORS FOR 
HEAT TRANSFER RUNS 
CMC Sol. CMC Sol. 
Gamma Gamma at 
at Wall Average 
Wall Temperature Temperature 
Run Temperature n 1 ""'2 n'-2 (w) o .11+ (-8!!!·-sec. . ) Yw (8!!!·-sec. ) 
Number (OF) cm __ cm ~Y -~--
3-1.0-Hl 144.7 0.862 1.49 0.926 
3-1.0-H2 143.8 0.875 1.41 0.936 
3-1.0-H3 144.0 0.872 1.51 0.926 
3-1.0-H4 142.2 0.897 1.44 0.936 
3-l.0-H5 143.3 0.882 1.40 0.937 
3-l.0-H6 142.0 0.899 1.55 0.926 
3-1.0-Cl 96.0 1.19 0.854 1.048 
3-l.O-C2 96.1 1.19 0.856 1.047 
3-l.0-C3 95.1 1.22 0.868 1.048 
3-1.0-C4 93.6 1.26 0.908 1.047 
I-' 
+" 
3-1.0-C5 94.5 1.23 0.921 1.042 I-' 
TABLE XII (Continued) 
CMC Sol. CMC Sol. 
Gamma Gamma at 
at Wall Average 
Wail Temperature Temperature 
Run Temperature n'-2 n'-2 (1w) 0.14 (gm.-sec. ) Yw (Rm·~sec. ) 
Number (OF) cm cm y . 
3-1. 5....;Hl 148.8 4.62 6.26 0.958 
3-1.5-H2 146.3 4.65 6.70 0.951 
3-1.5-H3 145.0 4.56 . 6.89 0.944 
3-l.5-H4 147.3 4.51 6.43 0.952 
3-1.5-HS 149.9 3.93 6.80 0.926 
3-1.5-H6 150.3 1.98 3.65 0.918 
3-1.5-H7 144.4 2.24 4.18 0.9l.6 
3-1.5-H8 149.9 2.02 3.63 -0.921 
3-1.5-H9 153.9 3.43 5.75 0.930 
3-1.5-HlO 158.2 2.95 5.88 0.908 
3-1.5-Hll 157.8 3.05 5.88 0.912 
3-1.5-Hl2 157.2 3.09 5.43 0. 924 _ 
..... 
2-1.0-Hl 147.0 0.798 1.34 0.930 
~ 
N 
TABLE XII (Continued). 
CMC Sol. CMC Sol. 
Gamma Gamma at 
at Wall Average 
Wall Temperature Temperature 
Run Temperature (gm.-sec.n'-2)Yw p~m.-sec. n '-2) (w) 0.14 
Number (OF) cm . cm y 
2-1.0-H2 146.0 0.629 1.08 0.927 
2-l.O-H3 146.4 0.588 0.983 0.931 
2-1.0-H4 144.3 ll. 542' ' · ',, 0.875 0.935 
2-l.O-H5 147.4 0.399 0.786 0.909 
2-l.O-H6 143.8 0.423 0.697 0.933 
2-l.0-H7 149.0 0.389 o. 773 0.908 
2-.1.0-Cl 92.1 0 .. 916 0.604 1.060 
2-1.o-c2 91.7 0.923 o.510 1.070 
2-l.0-C3 94.7 0.873 0.617 1.050 
2-l.0-C4 95.5 0.861 0.569 1.060 
2-l.O-C5 96.2 0.749 0.444 1.076 
2-l.0-C6 94.5 o. 775 0.480 1.069 ..... 
,I::-
2-0.5-Hl 146.9 0.185 0.393 0.899 uJ 
TABLE XII (Continued) 
CMC Sol. CMC Sol. 
Gamm.a Gamma at 
at Wail Average 
Wall Temperature Temperature 
Run Temperature n'-2 (~·-sec.n'-2) (Yw) 
{). 14 
(gm.-sec. ) Yw 
Number Lfil cm cm y 
2-0.5-H2 144.9 0.191 0.373 0.910 
2-0.5-H3 145.6 0.189 0.357 0.914 
2-0.5-H4 145.6 0.205 0.323 0.849 
2-0.5-H5 143.9 0.140 0.212 0.944 
2-0.5-H6 149.5 0.131 0.235 0.921 
2-0.5-Cl 91.1 0.196 0.149 1.039 
2-1.0-H8 146.6 1.03 1. 77 0.927 
2-1.0-H9 144.2 1.06 1.69 0.938 
2-1.0-HlO 147.9 0.808 1.26 0.940 
2-1.0-Hll 147.1 0.817 1.25 0.942 
2-:1.0-H12 150.3 0.781 1.42 0.920 
2--1.0-H13 148ol 0.582 1.02 0.924 
I-' 
~ 
2.-1.0-H14 147.7 0.536 1.05 0.910 .i:,-
TABLE-XII (Continued) 
CMC Sol. CMC Sol. 
Gamma Gamma at 
at Wall Average 
Wall Temperature Temperature 
Run Temperature n'-2 (8!!!·-sec.n'-2) (Yw) 0.14 (8!!!·-sec. )Yw 
Number· (OF) cm - cm -1. 
2-1.0-H15 146.7 0.545 1.02 0.916 
2-l.0-H16 144.7 _ 0.562 1.02 - 0.920 
2-1.0-H17 142.5 0.583 - 0.976 0.930 
2.;..1.0-H18 146.7 0.544 1.01 0.917 
1-1.0-Hl 141.1 0.503 1.01 0.907 
1-1.0-il2 136.7 0.545 1.04 0.914 
1-1.0-H3 137.9 0 .. 533 0.973 0.919 
1-1.0-H4 138.0 0.454 0.791 0.925 
1-l.0-H5 137.5 0.458 0.800 0.925 
1-1.0-H6 138.5 0.450 0.818 0.920 
1-1.0-H7 140.5 0.473 0.960 0.906 
l-1.0-H8 143.4 0.449 0.985 0.896 
...... 
~ 
1-1.0-Cl 91.1 0.835 0.535 1.064 VI 
TABLE XII (Continued) 
CMC Sol. CMC Sol. 
Gamma Gamma at 
at Wall Average 
Wall Temperature Temperature 0 .11+ n'-2 y p~m.-sec.n'-2) {w) Run Temperature (gm.-sec. ) w 
Number (OF) cm cm y 
l-1.0-C2 93.1 0.798 0.510 1.065 
l-1.0-C3 94.3 .0.815 0.534 1.061 
1-1.0-C4 94.5 0.811 0.532 1.061 
l-1.0-C5 93.8 0.650 0.448 1.053 
1-1.0-C6 94.4 0.642 0.409 1.065 
1-0.5-Hl 138.2 0.324 0.600 0.917 
1-0.5-H2 138.6 0.619 1.11 0.922 
1-0.5-H3 139.2 0.456 0.786 0.927 
1-0.5-H4 137.9 0.465 0.800 0.927 
1-0.5-H5 136.5 0.456 0.803 0.924 
1-0.5-H6 140.7 0.425 0.864 0.905 
1 .... 0.5-Cl 94.1 0.499 0.343 1.054 
..... 
.p.. 
l-0.5-C2 93.2 0.507 0.359 1.050 °' 





Run Temperature (gm.-sec.n1-2)Yw 
Number ~OF} cm 
l-0.5-C3 93.6 0.287 
1-0.5-C4 95.3 0.278 
1-0.5-C5 95.7 0.399-





















CALCULATED DIMENSIONLESS GROUPS FOR HEAT TRANSFER RUNS 
(3n' + 1) 1/3 
Modified 
Run Prandtl Friction Reynolds 
Number 4n' _ Number j-Factor Factor Number 
3-1.0-Hl 1.026 560 0.133 5.65 10.8 
3-l.0-H2 1.025 418 0.-0544 1.55 39.5 
3-l.0-H3 1.026 563 0.135 3.32 10.8 
3-l.0-H4 1.026 422 0.0538 1.20 40.2 
3-1.0-HS 1.025 372 0.0347 0.684 70.9 
3-l.O-H6 1.026 576 0.139 3.66 10.9 
3-1.0-Cl 1.019 280 0.0383 0.543 91.8 
3-l.0-C2 1.019 296 0.0501 0.721 64.6 
3-l.O-C3 1.019 321 0.0714 1.04 41.3 
3-1.0-C4 1.019 383 0.144 2.47 16.7 
3-l.O-C5 1.019 294 0.0376 0.508 89.8 
3-1.5-Hl 1.050 866 0~0536 x 36.7 
3-l.5-H2 1.052 952 0.0641 x 28.4 ..... ~ 
00 
TABLE XIII (Continued) 
(3n' + 1) 1/3 
Modified 
Run Prandtl Friction Reynolds 
Number 4n' Number j-Factor Factor Number 
3-1.5-H3 1.052 1036 0.0730 2.06 22.5 
3-1.5-H4 1.050 1148 0.105 3.14 14.5 
3-1.5-HS 1.050 1774 0.250 x 3.47 
3-1.5-H6 1.036 746 0.0496 1.44 33.7 
3-1.5-H7 1.038 1291 0.218 8.50 4.81 ,, 
3-1.5-H8 1.036 934 0.118 3.35 12.5 
3-1.5-H9 1.044 1401 0.195 6.39 6.22 
3-1.5-HlO 1.043 1668 0~266 10.6 3.58 
3-1,5-Hll 1.043 1674 0.296 11.0 3.66 
3-1.5-H12 1.041 1140 0.119 3.24 13.4 
2-1.0-Hl 1.031 405 0.0668 x 23.2 
2-1.0-H2 1.025 287 0.0239 0.780 96.2 
2-1.0-H3 1.022 358 0.0639 2.28 26.3 
2-1.0-H4 1.021 247 0.0197 0.478 142 ...... ,i:,-
\0 
TABLE XIII (Continued) 
Modified 
Run en' + 1) 1/3 Prandtl Friction Reynolds 
Number 4n' Number j-Factor Factor Number 
2-1.0-HS 1.019 267 0.0331 0.852 68.2 
2-1.0-H6 1.017 230 0.0222 0.450 134 
2-1.0-H7 1.018 308 0.0608 1.92. 30.7 
2-1.0-Cl 1.016 224 0.0284 0.637 93. 7 
2-1.0-C2 1.015 242 0.0526 1.58 37.7 
2-1.0-C3 1.016 216 0.0221 0.428 138 
2-1.0-C4 1.015 195 0.0186 0.322 183 
2-1.0-C5 1.011 194 0.0332 0.592 79.6 
2-1.0-C6 1.012 222 0.0514 1.02 41.5 
2-0.5-Hl 1.018 159 0.0377 1.40 59.8 
2-0.5-H2 1.017 136 0.0222 0.681 133 
2-0.5-H3 1.017 125 0.0170 0.459 197 
2-0.5-H4 1.015 118 0.0150 0.274 252 
I-' 
2-0.5-HS LOlO 87.9 0.0107 0.200 439 Vl 0 
TABLE XIII (Continued) 
(3n' + 1) l/ 3 
Modified 
Run Prandtl Friction Reynolds 
Number 4n' Number j-Factor Factor Number 
2-0.5-H6 1.011 114 0.0320 0.786 82.5 
2-0.5-Cl 1.005 82.2 0.0279 0.570 110 
2-1.0.:_HS 1~030 544 0'.0822 3.46 17.5 
2-l.0-H9 1.030 426 0.0421 1.36 46.7 
2-1.0-HlO 1.026 310 0.0253 0.688 98.8 
2-1.0-Hll 1.026 294 0.0209 0.515 129 
2-1.0-Hl2 1.028 461 0.0740 2.43 20.6 
2-1.0-Hl3 1.022 409 0.0647 3.04 23.1 
2-1.0-Hl4 1.023 412 0.0613 2.93 23.2 
2-1.0-Hl5 1.023 357 0.0388 1.61 44.7 
2-l.0-Hl6 1.023 317 0.0232 0.908 85.5 
2-1.0-Hl7 1.022 287 0.0179 0.652 126 
2-l.O-Hl8 1.023 357 0.0388 1.56 43.5 
1-1.0-Hl 1.021 388 0.0896 4.46 22.3 I-' Vt 
I-' 
TABLE XIII (Continued) 
Modified 
Run (3n' + 1) 1/3 Prandtl Friction Reynolds 
Number 4n' Number j-Factor Factor Number 
1-l.0-H2 1.021 358 0.0540 2.23 40.4 
1-l.0-H3 1.020 313 0.0347 1.30 69.2 
1-1.0-H4 1.018 . 256 0.0228 0.785 118 
1-1.0-H5 1.018 248 0.0186 0.579 151 
1-l.0-H6 1.019 272 0_.0280 0.928 92.2 
1-1.0-H7 1.020 333 0.0461 1.50 48.3 
1-1.0-H8 1.020 383 0.0839 2.98 22.9. 
1-1.0-Cl 1.013 243 0.0780 2.10 35.7 
l-1.0-C2 1.013 218 0.0485 1.08 65.5 
1-1.0-C3 1.014 208 0.0334 0.684 105 
1-1.0-C4 1.014 200 0.0267 0.538 139 
1-1.0-C5 1.012 179 0.0206 0.430 192 
1-1.0-C6 LOll 196 0.0674 1. 78 42.6 




TABLE XIII (Concluded) 
Run en~n; 1) 1/3 Prandtl 
Number Number j-Factor 
1-0.5-H2 1.029 321 0.0534 
1-0.5-H3 1.024 231 -0 .029 3 
1-0.5-H4 1.024 220 0.0220 
1-0.5-H5 1.025 208 0.0180 
1-0.5-H6 1.025 304 0.0738 
1-0.5-Cl 1.016 146 0.0573 
1-0.5-C2 1.016 139 0.0354 
1-0.5-C3 1.010 95.8 0.0207 
1-0.5-C4 1.009 91.8 0.0160 
1-0.5-C5 1.012 111 0.0155 
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. TABLE XIV 
RAW DATA FROM ISOTHERMAL PRESSURE DROP RUNS 
CMC 
Solution CMC Tube Bank Solution CMC. 
Flow Solution·. Tube Bank Manometer Orifice Solution 
Run Rate Thermocouple Manometer Differential Differential· Sample 
· Number lb./hr. (Millivolts) Fluid (in.) (in.) Number 
3-1.0-Il 7470 2.524 CCl4 12.98 4.47 1 
3-1.0-12 13580 2.837 CCl4 20.28 15.55 1 
3-1.0-13 4930 2.282 CCl4 9.18 3.95 1 
3-1.0-14 2580 2.176 CCl1t 5.30 0.81 1 
3-1.0-15 10750 2.658 CCl4 14.37 9.01 4 
3-1.0-16 7600 2.618 CCl4 10.25 4.73 4 
3-1.0-17 5030 2.553 CCl4 6.73 2.03 4 
3-1.0-18 2450 2.475 CCl4 3.69 0.94 4 
3-1.0-19 10690 2.632 CCl4 13.82 8.93 4 
3-1.0-110 2660 1.474 ·CCl4 6.25 0.87 5 
3-1.0-Ill 6720 1.474 CC:14 13.3 3.16 5 




TABLE XIV (Continued) 
CMC 
Solution CMC Tube Bank Solution CMC 
Flow Solution Tube Bank Manometer Orifice Solution 
Run Rate· Thermocouple Manometer Differential Differential Sample 
Number lb./hr. (Millivolts) Fluid (in.) (in.) Number 
3-1.0-113 11360 1.518 CCli+ 20.81 9.36 5 
3-1.0-114 13050 1.565 CCli+ 23.02 12.46 5 
3-1.5-11 2586 2.300 TBE 4.47 0.38 19 
3-1.5-12 10870 1. 787 TBE 26.15 8.60 24 
3-1.5-13 5160 1.679 TBE 17.69 1.54 24 
3-1.5-14 9366 1. 740 TBE 24.08 5.95 24 
3-1.5-15 2687 1.624 TBE 12.68 0.58 24 
2-1.0-11 7520 3.047 CCli+ 18.75 3.90 26 
2-1.0-12 2600 2. 719 CCli+ 7.16 0.45 27 
2-1.0-13 7480 2.692 CCli+ 18.30 3.86 27 
2-1.0-14 9743 2.878 CCli+ 20.23 6.66 28 
2-1.0-15 4990 2.791 CCli+ 9.42 1.95 29 
2-1.0-16 8470 2.860 CCli+ 14.40 5.13 3031 1--' \J1 
°' 
TABLE XIV (Continued) 
CMC 
Solution CMC Tube Bank Solution CMC 
Flow Solution Tube Bank Manometer Orifice Solution 
Run Rate. Thermocouple Manometer Differential Differential Sample 
Number lb. /hr. (Millivolts) Fluid (in.) (in.) Number 
2-1.0-17 2590 2.766 . CCJ.J. 4.75 0.42 3031 
2-1.0-18 5577 2.873 CCl4 8.43 2.2 3235 
2-1.0-19 8220 2.864 CCJ.J. 12.66 4.66 3235 
2-1.0-110 9954 3.090 CCl4 13.83 7.25 3235 
2-1.0.:...111 4298 3.099 CCl4 5.61 1.29 3637 
2-1.0-112 2540 3.171 cc4 3.25 0.50 3637 
2-1.0-113 2651 1.352 cc4 7.60 0.54 38 
2-1.0-114 3784 1.318 cc4 10.51 1.10 38 
2-1.0-115 5304 1.305 cc4 13.97 2.11 38 
2-1.0-116 7247 1.328 cc4 18.46 3.60 38 
2-1.0..-117 10290 1.362 cc4 25.49 7.54 38 
2-1.0-118 8572 1.356 cc4 21.44 5.03 38 
2--1.0-119 2533 2.948 cc4 3.31 0.57 38 .... v, 
-...J 
TABLE XIV (Continued) 
CMC 
Solution CMC Tube Bank Solution CMC 
Flow Solution Tube Bank Manometer Orifice Solution 
Run Rate Thennocouple Manometer Differential Differential Sample 
Number lb.[hr~_ (Millivolts) Fluid (in.) (in.) Number 
2-1.0-120 10020 2.894 CC14 14.04 7.23 38 
2-0.5-Il 2598 2.418 CC14 3.12 0.40 3941 
2:..0.5~12 4789 2.422 CC14 6.12 1.50 3941 
2-0.5-13 6780 2.511 CC14 8.81 3.14 3941 
2-0.5-14 7-901 2.612 ' CC14 7.15 4.78 4413 ; 
2-0.5-15 10530 2.607 CC14 9.92 8.34 4413 
I 
2-0.5-16 2557 2.428 CC14 2.29 0.50 4413 
2-1.0-121 2557 2~440 CC14 7.66 0.91 4850 
1-1.0-11 2730 1.078 CC14 31.26 0.56 5712 
. 1-1.0-12 3890 0.897 CC14 36.55 1.00 5712 
1-1.0--13 2620 2.337 CC14 7.48 0.68 5865 
1-1.0..-14 4315 2.313 cci,. 10.34 1.40 .5865 




TABLE XIV (Continued) 
CMC 
Solution CMC Tube Bank Solution CMC 
Flow Sq_l,ution Tube Bank Manometer Orifice Solution 
Run Rate Thermocouple Manometer Differential Differential Sample 
Numbe!..._ lb./hr. (Millivolts) Fluid (in.) (in.) Number 
l-1.0-I6 8779 2.452 CCl4 19.01 5.78 5865 
1-1.0-I7 7483 2.419 CCl4 16.06 4.26 5865 
1-1.0-I8 4774 2.372 CCl4 10.35 1.96 5865 
1-1.0-I9 2577 2.622 CCi4 4.43 . o. 78 6671 
1-1.0-IlO 4266 2.680 CCl4 6.76 1.50 6671 
1-1.0-Ill 6383 2.683 CCl4 9.70 3.20 6671 
1-1.0-112 8085 2. 717 CCl4 12.56 5.06 6671 
l-1.0-I13 10080 2.688 CCl4 15.80 7.48 6671 
l-1.0.;..Il4 2657 1.552 CCl4 6.96 0.76 72 
1-1.0-IlS 4920 1.553 CCl4 11.55 1.90 72 
1-1.0-Il6 7047 1.568 CC:14 16.12 3.66 72 
1-1.0-117 8772 1.610 CCl4 19.90 5. 72 72 . ~. . 
1-0.5-Il 2597 2.268 CCl4 4.78 0.56 7912 I-' Vt 
\0 
TABLE XIV (Continued) 
CMC 
Solution· CMC Tube Bank Solution CMC 
Flow Solution Tube Bank Manometer Orifice Solution 
Run Rate Thermocouple Manometer Differential Differential Sample 
Number lb./hr. (Millivolts) Fluid (in.) (in.) Number 
1-0.5-12 4583 2.339 CCl4 7.55 1.48 7912 
1-0.5-13 6580 2.426 CCl4 10.06 3.04 7935 
1-0.5-14 8458 2.432 CCl4 13.02 5.40 7935 
1-0.5-15 9960 2.428 CCl4 14.80 7.46 7935 
1-0.5-16 2522 2.739 CCl4 2.62 0.80 8613 
1-0.5-!7 4168 2.644 CCl4 4.31 1.50 8613 
1-0.5-18 6235 2.701 CCl4 6.47 3.12 8613 
1-0.5-19 8265 2.679 CCl4 8.83 5.34 8645 
1-0.5-110 10150 2.678 CCl4 10.89 7.68 8645 
1-0.5--Ill 2587 1.555 CCl4 3.76 0.94 87 
1-0.5-112 4169 1.531 CCl4 5.95 l.58 87 
1-0.5-113 6283 1.527 CCl4 8.92 3.18 87 
1-0.5-114 2640 1.469 CCl4 4.13 0.96 87 ..... 0, 
0 
TABLE XIV (Concluded) 
Solution CMC Tube Bank 
Flow Solution Tube Bank Manometer 
Run Rate Thermocouple Manometer Differential 
Number lb.Lhr.~ (Millivolts} Fluid (in.} 
1-0.5-115 8555 1.528 CCl4 12.27 


















CALCULATED DATA FROM ISOTHERMAL PRESSURE DROP RUNS 
CMC Tube Bank 
Maximum Solution Pressure 
Run Velocity, Vm Temperature Drop Friction 
Number (ft./sec.) (OF) (lb.f/ft. 2) Factor 
3-1.0-11 0.952 106.8 39.8 0.879 
3-1.0-12 1.73 116.1 62.2 0.416 
3-1.0-13 0.627 99.7 28.1 1.43 
3-1.0-14 0.328 96.5 16.2 3.01 
3-1.0-15 1.37 110.8 44.1 0.469 
3-1.0-16 0.970 109.6 31.4 0.670 
3-1.0-17 0.641 107.7 20.6 1.01 
3-1.0-18 0.312 105.4 11.3 2.32 
3-1.0-19 1.36 110.0 42.4 0.457 
3-1.0-110 0.337 75.8 19.2 3.37 
3-1.0-111 0.851 75.8 40.8 1.12 
3-1.0-112 1.20 76.5 53.8 0.741 ...... 
(1\ 
N 
TABLE XV (Continued) 
CMC Tube Bank 
Maximum Solution Pressure 
Run Velocity, Vm Temperature Drop Friction 
Number· (ft./sec.) (OF) (lb.£/ft. 2) Factor 
3-1.0-113 1.44 77.1 63.8 0.612 
3-1.0-114 1.6·6 78.4 70.6 0.513 
3-1.5-11 0.329 100.2 56.8 10.5 
3-1.5-12 1.38 85.0 267 2.80 
3-1.5-13 0.655 81.8 181 8.40 
3-1.5-14 1.19 83.6 246 3.47 
3-1.5-15 0.341 80.2 129 22.2 
2-1.0-11 1.45 122.1 57.5 o. 718 
2-1.0-12 0.499 112.9 21.9 2.30 
2-1.0-13 1.44 112.2 56.1 0.709 
2-1.0-14 1.87 117.4 62.0 0.461 
2-1.0-15 0.960 120.0 28.9 0.819 
2-1.0-16 1.63 116.9 44.1 0.435 .... 
°' w 
2-1.0-17 0.498 114.3 14.6 1.54 
TABLE XV (Continued) 
CMC Tube Bank 
Maximum Solution Pressure 
Run Velocity, Vm Temperature Drop Frict'ion 
Number (ft./sec.) (OF) ·(lb.f/ft.2) Factor 
2-1.0-18 1.07 117.2 25.8 0.587 
2-1.0-19 1.58 117.0 38.8 0.406 
2-1.0-110 1.92 123.3 43.4 0.302 
2-1.0-111 0.827 123.6 17.2 0.657 
2-1.0-112 0.489 125.6 9.96 1.09 
2-1.0-113 0.505 74.7 23.3 2.36 
2-1.0-114 0.721 73.7 32.2 1.60 
2-1.0-115 1.01 73.3 42.8 1.09 
2-1.0-116 1.38 74.0 56.6 o. 768 
2-1.0-117 1.96 74.9 78.1 0.526 
2-1.0-118 1.63 74.8 65.7 0.638 
2-'1.0-119 0.487 119.3 10.1 1.12 
2-1.0-120 1.93 117.8 43.0 0.302 ..... 
°' 2-0.5-11 0.498 104.5 9.56 1.00 ~
TABLE XV (Continued) 
CMC Tube Bank 
Maximum Solution Pressure 
Run Velocity, Vm Temperature Drop Friction 
Number (ft./sec.) (OF) (lb.f/ft. 2) Factor --
2-0.5-12 0.918 104.6 18.8 0.579 
2-0.5-13 1.30 107.1 27.0 0.416 
2-0.5-14 1.52 109.9 21.9 0.249 
2-0.5-15 2.02 109.8 30.4 0.194 
2-0.5-16 0.490 104.8 7.02 0.761 
2-1.0-121 0.490 105.1 23.5 2.54 
1-1.0-Il 0.479 67.0 95.8 10.8 
1-1.0-12 0.682 61.9 112.0 6.23 
1-1.0-13 0.462 102.2 22.9 2.79 
1-1.0-14 0.759 101.6 31. 7 1. 73 
1-1.0-15 1.11 105.6 44.1 0.928 
1-1.0-16 1.55 105.5 58.3 0.631 
1-1.0-17 1.32 104.5 49.2 0.734 
I-' 
°' 1-1. 0-18 0.843 103.2 31. 7 1.16 v, 
TABLE XV (Continued) 
CMC Tube Bank 
Maximum Solution Pressure 
Run Velocity, Vm Temperature Drop Friction 
Number (ft./sec.) (OF) (lb.f/ft. 2) Factor 
1-1.0-19 0.455 110.2 1306 1.71 
1-1.0-110 0.755 111.8 20.7 0.949 
1-1.0-111 1.13 111.9 29.7 0.608 
1-1.0-112 1.43 112.9 38.5 0.491 
1-1.0-113 1. 78 112.1 48.4 0.398 
1-1.0-114 0.467 80.3 21.3 2.53 
1-1.0-115 0.865 80.3 21.3 2.53 
1-1.0-!16 1.24 80.7 49.4 0.835 
1-1.0-117 1.54 81.9 61.0 0.665 
1-0.5-11 0.458 100.3 14.7 ·1.82 
1-0.5-12 0.808 102.3 23.1 0.921 
1-0.5-13 1.16 104.7 30.8 0.594 
1-0.5-14 1.49 104.9 39.9 0.466 
I-' 
°' 1-0.5-15 1. 76 104.8 45.4 0.382 °' 
TABLE XV (Concluded) 
CMC 
Maximum Solution 
Run Velocity, Vm Temperature 
Number (ft./sec.) (OF) 
1-0.5-16 0.446 113.5 
1-0.5-17 0.736 110.8 
1-0.5-18 1.10 112.4 
1-0.5-19 1.46 111.8 
1-0.5-IlO 1.80 111.8 
1-0.5-111 0.455 80.3 
1-0.5-112 0.733 79.7 
1-0.5-113 1.10 79.6 
1-0.5-114 0.464 77.9 
1-0.5-115 1.50 79.6 

































RHEOLOGICAL PROPERTIES FOR ISOTHERMAL PRESSURE DROP RUNS 
CMC App~rent True Gamma Solution Shear Shear n'-2 Apparent 
Run Temperature Rate· Rate (&!!!·-sec. ) Viscosity Number (OF) (sec~ -l) (sec.- 1) N Prime cm (Centipoise) 
3-1.0-Tl 106.8 244 259 0.752 1.61 68.8 
3-1.0-!2 116.1 443 469 0.764 1.37 53.3 
-
3-1.0-!3 99.7 161 171 0.742 1.83 84.1 
3-1.0-!4 96.5 84.1 89.5 0.737 1.93 84.1 
3-1.0-!5 110.8 351 365 0.849 0.621 35.0 
3-1.0-!6 109.6 248 258 0.846 0.638 37.6 
3-1.0-!7 107.7 164 171 0.842 0.667 . 41.3 
3-1.0-!8 105.4 80.0 83.2 0.836 0.704 48.3 
3-1.0-19 110.0 349 362 0.847 0.632 35.5 
3-1.0-IlO 75.8 86.3 89.0 0.761 1.52 112 
3-1.0-Ill 75.8 218 225 0.871 1.52 99.2 
3-1.0-112 76.5 .308 318 0.872 1.50 93.8 ..... 
C'\ 
3-1.0-113 77 .1 369 381 0.873 1.48 91.0 00 
TABLE XVI (Continued) 
-
CMC Apparent True 
Solution Shear Shear Gamma Apparent 
Run Temperature Rate Rate (8!!!· -sec. n' - 2) Viscosity 
Number (OF) (sec. -l) (sec. -l) N Prime cm (Centipoise) 
3-1.0-114 78.4 424 437 0.876 1.44 87.6 
3-1. 5-11 100.2 84.3 92.1 0.619 6.09 248 
3-1.5-12 85.0 353 389 0.583 12.9 266 
3-1. 5-13 81.8 168 185 0.574 13.9 379 
3-1.5-14 83.6 305 336 0.579 13.3 287 
3-1. 5-15 80.2 87.3 96.3 0.570 14.4 514 
2-1.0.,.11 122.1 370 391 o. 771 1.01 42.0 
2-1.0-12 112.9 128 135 0.788 1.28 53.8 
2-1.0-13 112.2 368 387 0.787 0.979 43.4 
2-1.0-14 117.4 480 504 0.795 0.871 37 .6 
2-1.0-15 120.0 246 257 0.821 0.692 37.5 
2-1.0-16 116.9 417 434 0.829 0.673 34.2 
2-1.0-17 114.3 127 133 0.825 0.706 43.5 ..... 
(j\ 
2-1.0-18 117.2 275 286 0.842 0.595 33.9 \.0 
TABLE XVI (Continued) 
CMC Apparent True Gamma Solution Shear Shear n'-2 Apparent Run Temperature Rate Rate (gm.-sec. ) Viscosity 
Number (OF) (sec. -l) (sec.- 1 ) N Prime cm (Centi poise) 
2-1.0-19 117.0 405 421 0.841 0.597 32.0 
2-1.0-IlO 123.3 490 509 0.847 0.539 28.7 
2-1.0-Ill 123.6 212 218 0.879 0.450 30.3 
2-1.0-112 125.6 125 129 0.882 0.435 31.4 
2-l.O-Il3 74.7 129 134 0.862 o. 771 52.6 
2-1.0-114 73.7 185 191 0.862 0.787 51.0 
2-1.0-115 73.3 259 268 0.861 o. 793 49.0 
2-1.0-116 74.0 354 366 0.862 0.782 46.3 
2-1. 0-117 74.9 502 519 0.862 0.767 43.4 
2-1.0-118 74.8 418 432 0.862 0.769 44.6 
2-1.0-119 119.3 125 128 0.894 0.327 25.2 
2-1.0-120 117.8 494 507 0.892 0.336 21.5 
2-0. 5-Il 104.5 128 133 0.820 0.398 24.2 
t--' 
....... 
2-0.5-12 104.6 235 246 0.820 0.397 21.6 0 
TABLE· XVI (Continued) 
CMC Apparent True 
Solution Shear Shear Gamma Apparent n'-2 Run Temperature Rate Rate (2·-sec. ) Viscosity 
Number (OF>~~ (sec.-1) (sec.-1) N Prime cm (Centipoise) 
2-0.5-13 107.1 333 347 0.825 0.379 19.7 
2-0.5-14 109.9 388 396 0.889 0.217 14.1 
2-0.5-15 109.8 517 528 0.889 0.217 13.7 
2-0.5-16 104.8 126 128 0.886 0.233 17.0 
2-1.0-121 105.1 126 134 0 .. 738 1.55 75.6 
1-1.0-Il 67.0 123 132 0.680 3.31 138 
1-1.0-12 61.9 175 189 0.670 3.68 133 
1-1.0-13 102.2 118 122 0.869 0.509 35.7 
1-1.0-14 101.6 177 183 0.868 0.517 34.3 
1-1.0-15 105.6 285 294 0.874 0.473 30.2 
1-1.0-16 105.5 397 410 0.874 0.474 29.0 
1-1.0-17 104.5 338 349 0.872 0.484 30.0 
~ 
1-1.0-18 103.2 216 223 0.870 0.498 32.5 
I-' ...... 
1-1.0-19 110.2 117 120 0.890 0.388 28.9 I-' 
TABLE XVI (Continued) 
CMC Apparent True 
Gamma Solution Shear Shear n'-2 Apparent Run Temperature Rate Rate (~--sec. ) Viscosity 
Number (OF) (sec.-1) (sec.-1) N Prime cm (Centipoise) 
1-1.0-IlO 111.8 ,193, -. 198 0.893 0.375 26.6 
1-1.0-Ill 111.9 289 297 0.893 0.374 25.5 
l-l.O-Il2 112.9 366 376 0.894 0.367 24.5 
1-1.0-113 112.1 456 469 0.893 0.373 24.2 
l-l.0-Il4 80.3 120 124 0.866 0.641 44.6 
1-1. O-Il5 80.3 221 229 0.866 0.641 41.0 
l-l.0-Il6 80.7 317 328 0.867 0.634 38.8 
1-1.0-117 81.9 395 408 0.869 0.616 37.0 
1-0. 5-Il 100.3 117 123 0.810 0~503 30.2 
1-0.5-12 102.3 207 217 0.814 0.483 26.3 
1-0.5-13 104.7 298 313 0.798 0.540 26.0 
1-0.5-14 104.9 383 402 0.798 0.539 24.7 
1-0.5-15 104.8 450 473 0.798 0.540 23.9 
..... 
-...,! 
1-0.5-16 113.5 114 117 0.898 0.214 16.3 N 
CMC Apparent 
Solution Shear 
Run Temperature Rate 
Number (OF) (sec. -l) 
1-0.5-17 110.8 189 
1-0.5-18 112.4 282 
1-0.5-19 111.8 374 
1-0.5-110 111.8 460 
1-0. 5-111 80.3 116 
1-0.5-112 79.7 188 
1-0.5-113 79.6 283 
1-0.5-114 77 .9 119 
1-0.5-115 79.6 385 
1-0.5-116 81.9 463 














































FRICTION FACTORS AND REYNOLDS NUMBERS FOR 
ISOTHERMAL PRESSURE DROP RUNS 
Modified 
Run Friction Reynolds 
Number Factor Number 
3-1.0-Il 0.879 39.8 
3-1.0-12 0.416 93.5 
3 ... 1.0-13 1.43 21.5 
3-1.0-14 3.01 9.09 
3-1.0-15 0.469 113 
3-1.0-16 0.670 74.2 
3-1.0-17 1.01 44.6 
3-1.0-18 2.32 18.6 
3-1.0-19 0.457 111 
3-1.0-110 3.37 8.73 
3-1.0-Ill 1.12 24.9 
3-1.0-112 0.741 37.1 
3-1.0-113 0.612 45.8 
3-1.0-114 0.513 54.7 
3-1.5-Il 10.5 3.82 
3-1.5-12 2.80 15.Q 
3-1.5-13 8.40 5.00 
3-1.5-14 3.47 12.0 
3-1.5-15 22.2 1.92 
2-1.0-Il o. 718 98.9 
2-1.0-12 2.30 26.7 
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TABLE XVII (Continued) 
Modified 
Run Friction Reynolds 
Number Factor Number 
2-1.0-13 0.709 95.2 
2-1.0-14 0.461 143 
2-1.0-15 0.819 73.5 
2-1. 0-16 0.435 137 
2-1. 0-17 1.54 32.9 
2-1. 0-18 0.587 90.7 
2-1.0-19 0.406 142 
2-1.0-110 0.302 192 
2-1.0-111 0.657 78.2 
2-1.0-112 1.09 44.7 
2-1.0-113 2.36 27.8 
2-1.0-114 1.60 41.0 
2-1.0-115 1.09 59.8 
2-1.0-116 0.768 86.3 
2-1.0-117 0.526 131 
2-1.0-118 0.638 106 
2-1.0-119 1.12 57.4 
2-1.0-120 0.302 257 
2-0.5-11 1.00 59.3 
2-0.5-12 0.579 122.2 
2-0.5-13 0.416 190 
2-0.5-14 0.249 310 
2-0.5-15 0.194 425 
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TABLE XVII (Continued) 
Modified 
Run Friction Reynolds 
Number Factor Number 
2-0.5-!6 0.761 83.1 
2-1.0-121 2.54 18.7 
1-1.0-Il 10.8 10.1 
1-1.0-12 6.23 14.9 
l-1.0-I3 2.79 37.3 
1-1.0-14 1. 73 58.0 
1-1.0-15 0.928 106 
1-1.0-16 0.631 154 
· 1-1.0-17 0.734 127 
1-1.0-18 1.16 74.7 
1-1.0-19 1. 71 45.3 
1-1.0-IlO 0.949 81.5 
1-1.0-Ill 0.608 127 
1-1.0-112 0.491 168 
1-1.0-!13 0.398 212 
1-l.0-Il4 2.53 30.3 
l-l.O-Il5 l.23 61.0 
1-1.0-!16 0.835 92.3 
1-1.0-117 0.665 121 
1-0.5-Il 1.82 43.8 
1-0.5-12 0.921 88.5 
1-0.5-13 0.594 129 
1-0.5-14 0.466 174 
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TABLE XVII (Concluded) 
Modified 
Run Friction Reynolds 
Number Factor Number 
1-0.5-!5 0.382 212 
1-0.5-16 1.05 78.6 
1-0.5-!7 0.635 132 
1-0.5-!8 0.425 210 
1-0.5-19 0.330 280 
1-0.5-IlO 0.270 351 
1-0.5-111 1.44 54.2 
1-0.5-112 0.880 91.8 
1-0.5-113 0.581 146 
l-0. 5-I14 1.52 52.9 
1-0.5-115 0.431 206 
1-0.5-116 0.353 266 
A P P E N D I X G 
R H E O L O G I C A L P R O P E R T I E S 
C A L C U L A T E D F R O M F A N N 




CMC SOLUTIONS' RHEOLOGICAL .PROPERT.IES FROM 
FANN VISCOMETER DATA 
CMC 
Gamma Solution 
Sample Percent Temperature (gm.-sec.n'-2). 
Number CMC (OF) N Prime cm 
l 1.0 94.7 0.738 1.99 
1 1.0 109.0 0.752 1.56 
1 1.0 133.4 0.792 1.03 
2. 1.0 99.8 0.796 1.07 
2 .1.0 113.2 0.814 0.827 
2 1.0 134.1 0.869 0.501 
3 1.0 103.0 0.803 0.928 
3 1.0 119.0 0.860 0.595 
3 1.0 134.0 0.836 0.536 
4 1.0 96.3 0.814 0.874 
4 .1.0 112.0 ·0.850 0.604 
5 1.0 72.0 0,865 0.672 
5 1.0 79.7 0.881 0.558 
5 · 1.0 84.3 0.881 0.518 
5 1.0 89.0 0.894 0.453 
12 1.5 125.0 0.614 6.42 
12 1.5 132.8 0.619 5.81 
12 1.5 139.7 0.632 5.20 
13 1.5 141.0 0,631 5.06 
13 1.5 136.9 0.620 5.51 
13 1.5 130.9 0.616 5.98 
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TABLE XVIII (Continued) 
CMC Gamma Solution 
Sample Percent Temperature u~m.-sec. n '-2). 
Number CMC (OF) N Prime . cm 
13 1.5 125.8 0.603 6.64 
14 1.5 140.9 0.636 4.87 
14 1.5 136.0 0.625 5.41 
14 1.5 128.5 0.613 6.22 
14 1.5 120.9 0.603 7.14 
15 1.5 120.3 0.611 6.75 
15 1.5 127.0 0.614 6.16 
15 1.5 136.9 0.628 5.36 
15 1.5 141.5 0.645 4.83 
16 1.5 141.6 0.647 4.55 
16 1.5 136.2 0.634 5.12 
16 1.5 132.1 0.633 5.45 
16 1.5 124.7 0.617 6.32 
19 1.5 139.1 o. 729 2.48 
19 1.5 134.0 o. 715 2.83 
19 1.5 129.5 0.706 3.10 
19 1.5 124.6 0.700 3.41 
20 1.5 140.9 0.730 2.44 . 
20 1.5 135.5 o. 717 2. 77 
20 1.5 130.4 0.705 3.15 
20 1.5 124.6 0.696 3.51 
21 1.5 144.7 0.674 4.08 
21 1.5 138.0 0.661 4.69 
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TABLE XVIII (Continued) 
CMC Gamma Solution 
Sample Percent Temperature (gm.-sec. n '-2) 
Number CMC (QF) . N Prime cm 
21 1.5 131.6 0.649 5.37 
21 1.5 127.9 0.646 5. 71 
22 1.5 140.9 0.679 4.26 
22 1.5 136.4 0.671 4. 72 
22 1.5 132.2 0.663 5.16 
22 1.5 125.2 0.645 6.07 
23 1.5 142.8 0.690 4.03 
23 1.5 138.1 0.671 4.63 
23 1.s 130.7 0.652 5.49 
23 1.5 123.8 0.650 6.06 
24 1.5 143.9 0.653 4.90 
24 1.5 136.7 0.652 5.41 
24 1.5 131.9 0.642 6.05 
24 1.5 124.4 . 0.628 6.98 
24 1.5 88.0 0.595 11.9 
24 1.5 87.3 0.585 12.4 
24 1.5 86.3 0.583 12.7 
24 1.5 78.9 0.562 15.1 
24 1.5 75.8 0.563 15.5 
24 1.5 74.1 0.553 16.6 
25 1.0 112.7 0.759 1.21 
25 1.0 122.1 0.766 1.04 
25 1.0 134.0 0.780 0.874 
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TABLE XVIII (Continued) 
CMC 
Solution Gamma n'-2 Sample Percent Temperature (gm.-sec. ) 
Number CMC (OF) NPrime cm 
26 1.0 136.2 0.800 0.755 
26 1.0 124.9 o. 775 0~967 
26 1.0 115.0 0.759 1.16 
27 1.0 112.0 0.784 0.982 
27 1.0 129.7 0.803 0.749 
27 1.0 119.7 0.800 0.871 
28 1.0 113.8 0.791 0.928 
28 1.0 121.2 0.801 0.815 
28 1.0 131.9 0.820 0.669 
29 1.0 112.6 0.802 0.818 
29 1.0 117 .3 0.820 o. 719 
29 1.0 120.7 0.824 0.683 
29 1.0 129.4 0.841 0.571 
3031 1.0 108.9 0.812 0.808 
3031 1.0 119.5 0.850 0.598 
3031 1.0 129.6 0.846 0.547 
3031 1.0 134.7 0.856 0.500 
3234 1.0 92.1 0.824 0.892 
3235 1.0 88.0 0.806 1.02 
3235 1.0 102.8 0.834 0.738 
3235 1.0 113.7 0.837 0.629 
3235 1.0 120.5 0.839 0.574 
3637 1.0 92.5 0.844 0.796 
18~ 
TABLE XVIII (Continued) 
CMC 
Solution Gamma 
Sample Percent Temperature (gm.-sec.n'-2 ). 
Number CMC (OF) N Prime cm 
3637 1.0 107.3 0.852 0.623 
3637 1.0 118.9 0.876 0.482 
38 1.0 80.0 0.866 0.685 
38 1.0 75.0 0.857 o. 776 
38 1.0 70.0 0.859 0.844 
3941 0.5 106.5 0.823 0.384 
3941 0.5 117.9 0.847 0.307 
3941 0.5 130.3 0.867 0.247 
42 0.5 110.3 0.862 0.308 
42 0.5 119.9 0.833 0.310 
42 o.5 130.0 0.849 0.256 
42 0.5 137.5 0.869 0.217 
4344 0.5 109.5 0.891 0.215 
4344 0.5 118.0 0.886 0.200 
4344 0.5 128.4 0.901 0.167 
4413 0.5 111, 7 0.915 0.0691 
4413 0.5 108.0 0.915 0.0724 
4413 0.5 103.8 0.921 0.0741 
45 0.5 91. 7 0.911 0.198 
45 0.5 109.2 0.914 0.156 
45 0.5 118.7 0.893 0.153 
4647 1.0 110.1 o. 722 1.80 
4647 1.0 118.4 0.734 1.56 
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TABLE XVIII (Continued) 
CMC 
Solution Gamma n'-2 Sample Percent T~mperature p~m.-sec. ) 
Number CMC (OF) N Prime cm 
4647 1.0 131.0 0.745 1.30 
4850 1.0 107.4 0.741 1.48 
4850 1.0 115.8 0.746 1.33 
4850 1.0 129.9 0.767 1.05 
51 1.0 99.2 o. 779 1.19 
51 1.0 109.6 0.792 0.996 
51 1.0 129.5 0.800 0.755 
5256 1.0 130.7 0.804 o. 711 
5256 1.0 120.4 0.794 0.847 
5256 1.0 98.0 0.768 1.28 
5712 1.0 76.2 0.698 2.74 
. 5712 1.0 70.2 0.687 3.07 
5712 1.0 67.0 0.679 3.32 
5860 1.0 137.3 0.848 0.538 
5860 1.0 115.1 0.811 0.833 
5860 1.0 105.9 0.798 0.991 
5865 1.0 111.2 0.884 0.420 
5865 1.0 105.3 0.876 0.473 
5865 1.0 102.3 0.869 0.511 
6163 1.0 105.1 0.817 . 0.810 
6163 1.0 uo. 7 0.822 0.737 
6163 1.0 133.6 0.853 0.488 
6465 1.0 133.7 0.843 0.542 
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TABLE XVIII (Continued) 
CMC 
Solution Gamma n'-2 Sample . Percent Temperature . (S!!!·-sec. ) 
Number CMC (OF) NPrime cm 
6465 1.0 115.2 0.825 0.743 
6465 1.0 107.7 0.806 0.893 
6465 LO 103.1 0.799 0.986 
6667 LO 110.7 0.861 0.541 
6667 1.0 102.9 0.846 0.648 
6667 LO 93.0 0.831 0.798 
6671 LO 110.7 0.893 0.383 
6671 LO 107.0 0.886 0.417 
6671 LO 102.1 0.880 0.461 
6869 LO 11.3.0 0.856 0.542 
6869 1.0 104.2 0.843 0.655 
6869 1.0 94.2 0.825 0.817 
7071 1.0 118.6 0.882 0.395 
7071 LO 107.6 0.872 0.487 
7071 LO 103. 7 0.864 0.532 
72 LO 83.7 0.874 0.588 
72 LO 8L5 0.868 0.622 
72 1.0 78.4 0.862 0.672 
73 0.5 132.4 0.848 0.357 
73 0.5 114.1 0.828 0.480 
73 0.5 103.2 0.808 0.594 
74 0.5 133.2 o. 778 0.673 
74 0.5 110.4 0.747 0.982 
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TABLE XVIII (Continued) 
CMC Gamma Solution 
Sample Percent Temperature (sm--sec.n'-2) 
Number CMC (OF) N Prime cm 
74 0.5 102.9 0.738 1.11 
7576 0.5 135.1 0.809 0.488 
7576 0.5 112,9 0.784 0.698 
7576 0.5 103.5 0.767 0.837 
7778 0.5 133.8 0.811 '0.477 
7778 0.5 112.7 0.780 0.692 
7778 0.5 103.2 0.765 0.828 
7912 0,5 106.0 0.820 0.447 
, 7912 0.5 l,04.0 0.815 0.468 
7912 o.s 100,3 0.809 0.502 
7935 0.5 , 107. 3 0.802 0.514 
7935 0.5 104.9 0.796 0.543 
7935 0.5 101.3 0.794 0.572 
8081 0.5 113.2 0.839 0.355 
8081 0.5 105.2 0.826 0.413 
8081 0.5 95.9 0.819 0.481 
8283 0.5 113.2 0.900 0.205 
8283 0.5 105.0 0.895 0.234 
8283 0.5 93.5 0.883 0.288 
8485 0.5 114.9 0.873 0.275 
8485 0.5 105.5 0.858 0.330 
8485 0.5 95.7 0,843 0.398 
8613 0.5 115.7 0.896 0.209 
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TABLE XVIII (Concluded) 
CMC 
· Solution Gamma 
Sample Percent Temperature (8!!!·-sec.n'-2). 
Number CMC (OF) N Prime · cm 
8613 0.5 110.8 0.901 0.218 
8613 0.5 107.1 0.892 0.239 
8645 0.5 115.8 0.898 o.;no 
8645 0.5 112.6 0.892 0.224 
8645 0.5 107.8 0.891 0.240 
87 0.5 84.0 0.880 0.315 
87 0.5 80.0 0.870 0.349 
87 0.5 77.0 0.868 0.368 
TABLE XIX 
REGRESSION COEFFICIENTS FOR CALCULATING GAMMA AND 
N PRIME AS A FUNCTION OF TEMPERATURE 
loge [y x 100] = TA~~60 + BGAM 




Number AGAM BGAM CNP 
1 5635.l -4.8610 0.0014 
2 7376.6 -8.4882 0.0022 
3 5990.1 -6.1577 0.0011 
4 7510.5 -9.0301 0.0023 
5- 5990.1 -6.1577 0.0016 
12 4996.5 -2.0724 0.0012 
13 6110.8 -3.9369 0.0017 
14 6638.5 -4.8519 0.0016 
15 5362.2 -2.7176 0.0016 
16 .6740. 8 -5.0794 0.0017 
19 7661.2 -7.2649 0.0020 
20 7922.3 -7.6804 0.0021 
21 7171.4 -5.8445 0.0017 
22 7885.2 -7.0667 0.0022 
23 7526.2 -6.4620 0.0021 
24 (Low ) Temp. 6540.0 -4.8360 0.0024 


























Number AGAM BGAM CNP DNP 
25 5164.7 -4.2241 0.0010 o. 726 
26 7001..6 ~7.4126 0.0019 0.691 
27 5170.3 -4.4518 0.0010 0.755 
28 ,6140. 9 -6.1692 0.0016 0.735 
29 7053.9 -7.9263 0.0022 0.733 
3031 6007.0 -6.2040 0.00°!'5 o. 777 
3235 5475.7 -5.4010 0.0009 0.808 
3637 6032.1 -6.5289 0.0012 0.827 
38 5955.3 -6.7932 0.0007 0.866 
3941 6215.0 -7.3253 0.0018 o. 776 
42 4531.;0 -4.4604 0.0004 0.837 
4344 4433.8 -4.7040 0.0006 0.871 
4413 2630.8 -2.6631 0.0007 0.937 
45 3168.0 -2. 7730 0.0005 0.920 
4647 5271.4 -4.0574 0.0011 0.692 
4850 52,58.3 -4.2584 0.0012 0.708 
51 4940.5 -4.0606 0.0007 0.768 
'· 
5256 6295.S -7.0538 0.0012 0.825 
5712 5815.0 -:S.2334 0.0020 0.706 
5860 6593.9 -7.0510 0.0016 0.756 
5865 . 6986.5 -8.4958 0.0016 0.833 
6163 5986.7 -6.1957 0.0013 0.783 
6465 6527.4 -7.0120 0.0014 0.769 
190 




Number AGAM BGAM CNP DNP 
6667 6894.3 -8.0846 0.0017 0.808 
6671 6905.6 -8.4519 0.0014 0.848 
6869 6921.0 -8.0852 0.0016 0.802 
7071 6460.5 -7.4912 0.0013 0.835 
72 7329.8 -9.4062 0.0023 0.865 
73 5774.4 -6.1757 0.0014 o. 778 
74 5550.5 -5.1469 0.0013 0.707 
7576 5688.6 -5.6742 0.0013 0.739 
7778 6016.9 -6. 2677 Q.0015 0.730 
7912 6474.1 -7.6366 0.0020 0.769 
7935 5569.9 -5.8734 0.0014 0.763 
8oa1 5588.4 -6.1755 0.0011 0.799 
8283 5449.2 -6.4872 0.0009 0.871 
8485 6149.7 -7.3809 0.0015 0.819 
8613 5060.9 -5.7618 0.0004 0.885 
8645 5339.2 -6.2229 0.0008 0.869 
87 6568.6 -8.6203 0.0025 0.870 
A P P E N D I X H 
C O M P U T E R P R O G R A M S F O R R E D U C T I O N 
O F H E A T T R A N S F E R , P R E S S U R E 
D R O P , A N D F A N N V I S C O M E T E R 
DATA 
191 
COMPUTER PROGRAM FOR REDUCTION OF 





DIMENSION P(lO) ,Pl?(lO) ,PPP.(10,) ,SHR(lO) ,SHRT(lO) 
402 FORMAT(//3X,5HSPEED,2X,10HDEFLECTION,3X,5HSHEAR,5X,5HSHEAR, 
17X,1HK,6X,7HK PRIME,5X,5HGAMMA,4X,8HAPPARENT) 
353 FORMAT(lX,45HLOG GAMMA VS. RECIP. ABS. TEMPERATURE-SAMPLE ,14) 
354 FORMAT(lX,34HN PRIMF.: VS. T MINUS EIGHTY-SAMPLE ,14) 
350 FORMAT(2El4.8) 
300 FORMAT(3I4,3Fl0.5) 
301 FORMAT(2Fl0.5) . 
302 FORMAT(2Fl0.5) 
400 FORMAT(1Hl/8X,24HVISCOMETER DATA ANALYSIS) 
401 FORMAT(//14X,13HSAMPLE NUMBER,14) 
405 FORMAT(lX,9HN PRIME =,Fl0.5) 
406 FORMAT(lX,22HENTER NEXT SET OF DATA) · 
408 FORMAT(lX,7HGAMMA =,Fl0.5,5HPOISE) 
403 FORMAT(23X,6HSTRESS,4X,4HRATE,33X,9HVISCOSITY) 
410 FORMAT(//14X,13HTEMPERATURE =,Fl0.5) 
404 FORMAT(7Fl0.4,Fl0.5) 
455 FORMAT(1X,l8HSPRING CONSTANT= ,Fl0.5) 
421 FORMAT(lX,25HRECIPROCAL TEMPERATURE= ,Fl0.7) 







DO 2 I•l,N 
READ(5,30l)YY(I),XX(I) 
C XX IS DEFLECTION. YY IS SPEED,RPM. 
2 CONTINUE 
DO 6 I•M,N 
Y(I)•ALOG(YY(I)) 
























DO 3 I=l,N 
















V~ (ENP)- (1. 0) 
VI=(8.0)**(V) 
GAMMA=(VIS)*(VI) 






























GO TO 1 
END 
194 























200 FORMAT(1Hl/14X,33HNON-NEWTON!AN FLUID HEAT TRANSFER) 
201 FORMAT(//25X,10HRUN NUMBER,I4) 
202 FORMAT(//26X,8HRAW DATA) 
20 3 FORMAT(// , lX, 3HCMC, 6X, 3HCMC, 7X, 5HWATER ,.SX, SHWATER, SX, 3HCMC, 7X, 
15HWATER) 
204 FORMAT(lX,4HT IN,SX,5HT OUT,SX,4HT IN,6X,5HT OUT,5X,7HDELTA T, 
3X,17HDELTA T) 
205 FORMAT(6F10.5) 
206 FORMAT (lHl) 
207 FORMAT(/45X,27HNON-NEWTONIAN HEAT TRANSFER) 
208 FORMAT(//45X,10HRUN NUMBER,!4) 
209 FORMAT(//45X,12HMODEL NUMBER,I4) 
210 FORMAT(//45X,15HCALCULATED DATA) 
211 FORMAT(//1X,3HCMC,6X,3HCMC,7X,3HCMC,7X,5HWATER,5X,5HWATER,5X, 
15HWATER) 
212 FORMAT(1X,4HT IN,5X,5HT OUT,5X,5HT AVG,5X,4HT IN,6X,5HT OUT,SX, 
lSHT AVG) 
213 FORMAT(6Fl0.4) 
214 FORMAT(// lX, 3HCMC, 6X, SHWATER, SX, !HQ, 9X, ll!Q, 9X, 4HMEAN, 6X, 
7HOVERALL) 


















249 FORMAT(//1X,5HWATER,5X,3HCMC, 7X,5HDELTA,5X,3HCMC) 
250 FORMAT{lX,8HTH. CON.,1X,8HTH. CON.,2X,6HFACTOR,4X,7HNUSSELT) 
251 FORMAT(3F10.6,F10.5) 
228 FORMAT{5X,44HAVERAGE OVERALL HEAT TRANSFER COEFFICIENT=· ,Fl0.3). 
229 FORMAT{5X,32HAVERAGE COEFFICIENT VARIATION= ,Fl0.5) 
230 FORMAT(SX,30HSHELL.SIDE MAXIMUMVELOCITY = ,Fl0.5,2X,6HFT/SEC) 
234 FORMAT(5X,29HTUBE SIDE AVERAGE.VELOCITY= ,F10.5,2X,6HFT/SEC) 
233 FORMAT(5X,23HTUBE WALL RESISTANCE= ,Fll.8) 
231 FORMAT(5X,21HCMC MASS FLOW RATE = ,F10.3,.2X,5HLB/HR) 
232 FORMAT(5X,20HCMC MASS VELOCITY= ,Fl0.2,2X,11HLB/HR-SQ FT) 
235 FORMAT(5X,19HCMC Q CORRECTION= ,Fl0.4,2X,6HBTU/HR) · 
236 FORMAT{5X,21HWATER Q CORRECTION= ,Fl0.4,2X,lHBTU/HR) 
237 FOR.MAT(5X,22HAPPARENT SHEAR RATE= ,F10.4,2X_14HRECIPROCAL.SEC) 
238 FORMAT(5X,22HTUBE.BANK.MANOMETER = ,Fl0.2,6H NCHES) 
239 FORMAT(5X,20HORIFICE MANOMETER= ,Fl0.2,6HINCHES) 
240 FORMAT{5X,18HWATER MANOMETER= ,Fl0.2,6HINCHES) 
241 FORMAT{5X,26HTUBE BANK PRESSURE DROP= F10.5,2X,8HLB/SQ FT) 
242 FORMAT{5X,18HFRICTION FACTOR= ,Fl0.5) 
243 FORMAT(5X,35HAVERAGE MODIFIED REYNOLDS NUMBER.= ,FlO.S) 
244 FORMAT{5X,28HAVERAGE MODIFIED J FACTOR= ,Fl0.6) 
247 FORMAT(5X,44HAVERAGE OUTSIDE HEAT TRANSFER COEFFICIENT= ,Fl0.5) 
248 FORMAT (SX, 22HENTER NEXT . SET OF DATA) .. 
260 FORMAT(5X,24HBASE .TEMPERATURE= 110 F) 
261 FORMAT{5X,28HGAMMA .AT BAS.E. TEMPERATURE = ,Fl0.4) 
262 FORMAT{5X,30HN PRIME AT BASE TEMPERATURE= ,F7.4) 
263 FORMAT{SX,41HAPPARENT VISCOSITY AT BASE TEMPERATURE= ,F10.4,2X, 
llOHCENTIPOISE) 
264 FORMAT{5X,18HTRUE SHEAR RATE= ,F10.4,2X,14HRECIPROCAL.SEC) 
265 FORMAT(5X,26HCMC SOLUTION SAMPLE NUMBER,2X,I4) . 
400 FORMAT(2Fl0.5,I4) 
C NR IS RUN NUMBER.N IS NUMBER OF. POINTS.ON=N.O. 
C A•CMC Q CORR.QCW=WA'l'ER Q. CORR. 
C TCA,TCB,TWA,TWB CO~VERT EMF TO DELTA T. 
C TTCA,TTCB,TTWA,TTWB CONVERT EMF TO TEMPERATURE. 
C MN=MODEL NUMBER.AF=MIN. FLOW AREA.AH=SHELLH.T. AREA. 
C AFT=TUBE SIDE FLOW AREA..CNON=NO. OF CONTRACTIONS. 
C RHOMF=MANOMETER FLUID DENSITY.RHO=WATER DENSITY INSIDE .TUBES .• 
C RHO=CMC DENSITY.RHOMW=WATER DENSITY IN MANOMETER. 
C WW=WATER RATE, LB/HR. 
C TKCA,TKCB GIVE CMC K AS F(TEMP.). 
C TKWA,TKWA,TKWB GIVE WATER K AS F(TEMP.). 
C RA,RB,RC GIVE WATER (D)(RHO)/(MU)AS F(TEMP.). 
C PRA,PRB,PRC GIVE WATER PRANDTL NUMBERAS F(TEMP.). 
C WCMC=CMC FLOW RATE ,LB/HR.TBMAN=TUBE BANK MANOM. READ. 
C · ORF=CMC ORIFICE MNOM.READ. WSMAN=WATER ORIFICE MANOM. READ. 
C AA,BBGIVE N PRIME AS F(T-80.0). 
C CVISA,CVISB GIVE LOG(GAMMA)AS F(U)/ABS.TEMP •• 
C CVISA,CVISB GIVE LOG(GAMMA)AS F(l.0/ABS. TEMP.). 


















































































































































. WRITE(6 ,203) 
WRITE(6,204) 


















































































WRITE(7 ,400)PH,RMDAV ,NR 





Candidate for the Degree of 
Doctor of Philosophy 
Thesis: HEAT TRANSFER AND PRESSURE DROP FOR FLOW OF CARBOXYMETHYL-
CELLULOSE (CMC) SOLUTIONS ACROSS IDEAL TUBE BANKS 
Major Field: Chemical Engineering 
Biographical: 
Personal Data: Born in Oklahoma City, Oklahoma, April 2, 1940, 
to Walter D. and Florence Hereford. 
Education: Attended first -two years of grade school at Lincoln 
School in Oklahoma City, Oklahoma; completed grade school 
at Putnam City; graduated from Putnam City High School, 
Oklahoma City, Oklahoma, in 1958; received degree of Bachelor 
of Science in Chemical Engineering, May, 1962, from Oklahoma 
State U~iversity; received degree of Master of Science in 
Chemical Engineering, May, 1964, from Oklahoma State Univer-
sity; _completed requirements for the Doctor of Philosophy 
degree in May, 1968. 
Professional Experience: Employed by Humble Oil and Refining 
Company, Baytown, Texas, during the summer of 1961; employed 
by Phillips Petroleum Company, Bartlesville, Oklahoma, during 
the sunnners of 1962 and 1964; employed by Continental Oil 
Company, Ponca City, Oklahoma, during the summer of 1965; 
presently employed by Phillips Petroleum Company, Bartles-
ville, Oklahoma. 
Professional Societies: Associate Member of the American Insti-
tute of Chemical Engineers. 
